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i:VALti,,l  iOH 


T^e  attainment  of  bandwidth  efficient  dlrltal  communications  over 
llne-of-siqht  (LOS)  has  been  limited  by  non-linear  power  amplifiers. 

The  optimum  signal  structures  for  bandwidth  efficiency  are  those  wherein 
the  Information  Is  stored  In  the  signal  amplitude,  I.e.,  amplitude  shift 
•keying  (ASK).  In  order  to  perform  well,  ASK-type  signal  structures  re- 
quire linear  operation.  This  forces  one  to  attempt  to  linearize  the 
amplifier  (usually  a traveling  wave  tube)  by  backing  It  off;  however, 
this  results  In  lower  power  outputs  and  thus  lower  system  gain  which 
can  reduce  system  availability. 

An  alternative  approach  Is  to  use  techniques  which  store  the  In- 
formation In  phase  or  frequency  (PSK  or  fSK)  and  are  not  effected  by 
non  linearities;  howevei  these  ignal  structures  are  less  bandwidth 
efficient  than  linearly  o -'ivtf . structures.  The  emphasis  In  this  pro- 
gram. and  the  study/breadboard  effort  which  preceded  It,  was  In  opti- 
mizing the  phase  trajectory  to  m1n1m1*e  spectral  occupancy  but  yet 
optimizing  performance.  The  technique  selected  and  Implemented  as 
optimum,  was  A level  phas'f  cr.ntlnuous  FSK.  It  was  determined  during 
the  course  of  the  program  that  FCC  19311  could  not  be  met  exclusively 
with  waveform  design  without  compromising  bit  error  rate  (BEP)  per- 
fcrmance.  Consequently  an  .i  waveguide  filter  was  fabricated  to  reduce 
the  spectral  sidelobes  to  fit  the  FCC  19311  mask.  The  use  of  RF  filters 
for  spectral  containment  Is  an  accepted  technique;  however,  RF  filtering 
cannot  be  used  exclusively  because  of  the  excessive  group  delay  and 
amplitude  distortion  Introduced,  necessitating  the  use  of  a coiiipl icated 
equalizer  at  the  receiver.  The  best  results  are  achieved  by  a combination 
of  waveform  design  and  RF  filtering. 

As  a result  of  this  combination  of  waveform  design  and  RF  filter 
design  the  experimental  model  developed  on  this  prograni  delivered  2 bits 
per  Hz  transmission  and  achieved  a BEP  of  5x1 0”^  at  an  Eb/N^j  of 
2?.6dB.  System  gain  Is  not  comproelsed  because  amplifier  non-linearities 
are  not  a factor.  Performance  Is  very  competitive  with  presently  re- 
ported linear  or  quas1-l Inear  techniques  which  cannot  provide  as  high  a 
system  gain  because  of  the  TWT  backoff  required  to  obtain  linear  operation. 

t 

tRIAN  M.  WNOblCKSON 
Project  Engineer 
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SECTION  l.O 
INTRODUCTION 
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1.0 


INTRODUCTION 


1.  i Objective 

The  objective  of  this  program  was  to  optimize  the  techniques 
developed  on  the  previous  contract  (F30602-74-C-0263)  from  a cost  and 
performance  point  of  view,  and  to  implement  an  experimental  modem  providing 
bandwidth  efficient  signalling  for  line-of-sight  microwave  systems. 
Specifically,  spectral  efficiency  compliant  with  FCC  Docket  19311  was 
required.  A bit  error  rate  of  5 x 10"^  at  an  of  22  dB  for 

2 bits/sec/Hz  (B/Hz)  of  RF  bandwidth  operation  or  at  an  Ej^/N^  of  16  dB 
for  1 B/Hz  of  RF  bandwidth  operation  was  desired.  These  characteristics, 
provided  in  conjunction  with  hard-limiting  radio  sets,  allow  efficient 
conversion  of  analog  FDM-FM  line-of-sight  microwave  systems  to  digital 
operation  by  replacement  of  the  modulation  elements. 

1.2  Approach 

The  program  consisted  of  two  main  phases.  During  the  first 
phase,  an  analytical  study  was  undertaken  to  expand  upon  techniques 
developed  on  the  previous  program.  It  was  desired  that  the  experimental 
modem  provide  significantly  improved  performance  over  the  previously 
constructed  breadboard  as  well  as  additional  operational  features.  In  the 
second  phase,  the  experimental  modem  was  constructed  and  tested  both  in  the 
laboratory  and  on  an  actual  microwave  radio. 

1.3  Results 

The  experimental  modem  was  successfully  tested  both  in  the 

laboratory  and  the  Rome  Air  De'-elopment  Center  (RADC).  All  design 

requirements  were  met.  Most  lotably,  the  performance  god  of  emission 

requirements  as  described  in  FCC  Docket  19311  was  met  witn  some  margin. 

The  acquisition  performance  objective  of  20  ms  for  an  IT  frequency  offset 

_g 

of  20  kHz  was  met,  as  was  the  performance  objective  of  5 x 10  bit  error 
rate  at  an  E^/N^  of  16  dB  for  1 B/Hz  onpration.  The  design  objective  of 
a 5 X 10”^  bit  error  rate  at  an  Ej^/N^  of  22  dB  for  2 B/Hz 


operation  was  exceeded  in  back-to-back  tests  and  was  within  0.6  dB  for  a 
group-delay  compensated  LC8D  radio. 

A significant  accomplishment  of  this  program  was  developing  an 
experimental  modem  which,  unlike  the  previous  breadboard,  is  simple  to 
operate  and  stable  in  performance.  All  tests  at  RADC  was  performed  with 
the  modem  as  received  from  shipment  without  any  realignment.  Performance 
degradation  from  that  obtained  in  the  laboratory  was  negligible. 

1.4  Report  Organization 

The  results  of  the  analytical  effort  are  presented  in  Section 

2.0.  The  design  and  construction  of  tlu;  modaii  are  discussed  in  Section 

3.0.  In  Section  4.0  the  test  program  and  results  are  presented.  The 
conclusions  are  presented  are  in  Section  5.0. 
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SECTIUM  :^o 
ANALYTICAL  RiiSULTS 


2.0 


ANALYTICAL  RESULTS 


2.1  Background 

This  section  describes  the  analytical  effort  on  this  program. 

On  a prior  contract  (Contract  F30602-74-C-0263)  for  Rome  Air  Development 
Center  (RADC),  a study  was  performed  to  choose  « bandwidth  efficient 
signalling  scheme  for  the  microwave  line-of-sight  channel.  Design 
objectives  on  the  prior  contract  included  99  percent  spectral  occupancy  of 
one-half  bit  rate  and  20  dB  Ej^/N^  for  10"^  error  rate.  Primarily 
because  of  the  microwave  radio  saturated  TWT  amplifiers,  the  signal  design 
effort  on  the  prior  contract  was  restricted  to  constant  envelope  signalling 
schemes.  This  type  signalling  avoids  problems  caused  by  AM/PM  conversion 
characteristics  of  the  TWT's. 

The  conclusion  on  the  prior  contract  was  that  4-ary  continuous 
phase  FSK  with  frequency  spacing  equal  to  one-eighth  the  syiiibol  rate 
represcnteo  the  best  performance/complexity  versus  spectral  occupancy 
trade-off.  On  the  prior  effort,  a unique  technique  was  developed  for 
demodulating  the  4-ary  FSK  signal  such  that  near-optimum  performance  was 
obtained.  The  technique  wa:  the  subject  of  an  "abstract  of  new  technology" 
on  the  prior  contract. 

After  the  prior  study  effort,  a breadboard  model  of  the  modem 
was  constructed  and  the  feasibPity  of  the  scheme  was  ver  ified  through  both 
laboratory  measurements  and  actual  microwave  link  tests  at  RADC.  The 
results  are  included  in  the  final  report  (RADC-TR-76-117)  to  RADC. 

As  with  most  breadboard  efforts,  there  were  implementation 
features  of  the  modem  that  were  operationally  inconvenient,  such  as 
acquisition  of  the  phase  detection  reference  loop.  In  addition  several 
difficult  and  critical  timing  adjustments  were  required  to  obtain  predicted 
performance.  One  of  the  primary  motivations  of  the  present  contract  was  to 
eliminate  the  difficulties  and  shortcomings  associated  with  the  original 
breadboard.  A stated  design  objective  for  the  present  effort  was  to 
acquire  20  kHz  frequency  offset  in  20  ms  at  an  Ej^/N^  corresponding  to  a 
10"^  bit  erv-nr  rate. 
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In  the  prior  contract  the  speciial  criterion  Imposed  was 
99  percent  spectral  occupancy  in  ane-haTf  bit  rate  RF  bandwidth.  For  tiie 
present  effort,  the  spectral  criterion  imposei!  is  that  of  meeting  the  FCC 
Docket  19311  (See  Appendix  A)  spectral  for  an  authorized  bandwidth  of 
one-half  bit  rate.  Thif  criterion  places  a more  stringent  requirement  on 
the  side  lobes  of  the  transmitted  spectrum  than  did  the  original  99  percent 
spectral  occupancy  cruerion. 

Another  goal  of  the  present  study  was  to  develop  a technique  for 
providing  1 B/Hz  operation  (again  under  FCC  docket  19311  criterion)  as  well 
as  2 B/Hz  operation. 

New  implementation  techniques  were  to  be  investigated  with  an 
eye  to  reducing  the  cost  and  complexity  of  the  original  breadboard. 

Finally,  an  experimental  modem  was  to  be  implemented  incorporating  the 
results  of  the  study  phase  of  the  present  effort.  This  modem  was  then  to 
be  used  for  tests  at  RADC  on  their  microwave  test  fai'ility. 

2.2  Summary  of  Broadband  Modtim  11  Study  Phase 

This  paragraph  presents  a bri-  summary  of  the  major  results  and 
concius’o  s of  Lhi»  v:'’'*'o>t.  A movs.  detailed  discussion  follows  in  Paragraph 

2.0. 


2.2.1  FCC  19311  Compliance 

Both  70  mHz  IF  Filter/Limiter  and  8 GHz  microwave  waveguide 

filter  approaches  were  investigated.  The  best  IF  filter/ limiter 

_g 

combination  provided  theoretical  of  23.1  dS  for  a b x 10  bit 

error  rate.  The  waveguide  filter  approach  yielded  theoretical  E. /N  of 

-9  ^ ^ 

20  dB  for  a 5 X 10~  bit  error  rate.  The  waveguide  filter  approach  was 
adopted  as  the  baseline.  Discussions  with  waveguide  filter  manufacturers 
indicated  tnat  less  than  1 dB  of  ins;jrtion  loss  could  be  achieved. 
Additionally,  INVAR  construction  of  the  filter  yielded  tolerable  detuning 
of  less  than  *450  kHz  over  a 0°  to  50°  C temperature  range.  The 
waveguide  filter  selected  is  nominally  4-pole  Butterworth  with  a 3 dB 
bandwidth  of  16  MHz. 
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2.2.2 


New  Implereentation  Techniques 

The  "closed- loop  reference  derivation"  technique  was  adopted  for 
this  modem.  The  basic  idea  Is  to  use  the  known  phase  nodes  of  4-ary  FSK 
with  which  to  compare  the  measured  phase  from  the  Quadrature  Phase  Detector 
(QPD)  to  determine  the  phase  error  to  closest  node.  This  error  signal  is 
filtered  by  a loop  filter  in  the  same  manner  as  a normal  PLL  and  the 
resultant  signal  used  to  drive  the  VCO  which  provides  the  QPD  reference. 

This  "closed-loop"  reference  derivation  technique  bears  a close  resemblance 
to  COSTAS-type  loops  widely  used  to  establish  roierent  references.  This 
eliminated  critical  reference  phasing  problems  in  the  original  breadboard 
as  well  as  simplified  the  modem  reference  generation.  Sample  and  hold 
circuits  were  included  in  the  phase  detectors  to  alleviate  the  critical 
symbol  timing  problems  encountered  in  the  previous  breadboard.  The 
receiver  IF  filter  was  changed  to  4-pole  Butterworth  with  phase 
compensation,  rather  than  the  4-po1e  Bessel  used  in  the  previous  Breadboard. 

2.2.3  Improved  Acquisition 

Computer  simulations  indicated  a dual  reference  derivation  loop 
bar.dwidth  approach  was  required  to  acquire  80  kriz  of  frequency  offset  in 
1 ms.  A single  loop  bandwidth  approach  will  acquire  20  kHz  of  offset  in 
20  ms  or  80  kHz  offset  in  320  ms.  The  goal  was  modified  in  consultation 
with  RADC  to  20  ms  acquisition  with  20  kHz  frequency  offset.  Therefore,  a 
single  loop  bandwidth  approach  was  adopted  to  simplify  the  hardware  on  the 
experimental  modem. 

2.2.4  Dual  B/Hz  Capability 

A technique  was  developed  to  provide  1 B/Hz  capability  in 
addition  to  2 B/Hz  capability.  Both  capabilities  are  designed  to  operate 
In  an  authorized  bandwidth  of  14  MHz.  Both  modes  meet  corresponding  FCC 
19311  spectral  masks  using  a common  waveguide  filter.  The  1 B/Hz  technique 
involves  a relatively  simple  conversion  technique' at  the  demodulator  IF 
input  that  exploits  maximum  equipment  commonality  between  the  two  spectral 
capabilities. 
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2.3 


Deidils  of  Study  Fha^e 


This  section  outlines  the  siuOy  effort  undertaken  to  achieve  the 
objectives  of  the  Statement  of  Work  for  this  program. 

2.3.1  FCC  Docket  19311  Spectrum  Compliance 

At  the  outset  of  this  contract  It  was  felt  that  one  of  the  most 
challenging  theoretical  problems  was  to  achieve  compliance  with  FCC  Docket 
19311  spectral  requirements.  Figures  1 and  2 show  the  spectra  for  1 B/Hz 
and  2 B/Hz  modes  for  unfiltered  4-ary  FSK  relative  to  the  appropriate 
spectral  masks  from  FCC  19311.  The  1 B/Hz  mode  uses  frequency  spacing  of 
1/4  symbol  rate  (mod-index  1/4)  and  the  2 B/Hz  mode  uses  frequency  spacing 
of  1/8  symbol  rate  (mod- index  1/8).  As  shown,  the  1 B/Hz  mode  violates  the 
mask  as  much  as  15  dB  and  the  2 6/Hz  mode  violates  the  mask  as  much  as 
18  dB  In  the  side  lobes. 

Two  primary  approaches  for  obtaining  FCC  19311  compliance  were 
pursued  during  the  study  phase  These  were:  (1)  70  MHz  IF  filtering 
followed  by  hard  limiting  at  the  modulator  before  interfacing  with  the 
70  MHz  IF  radio  input,  and  (?)  P GHz  microwave  waveguide  filtering.  These 
approaches  are  described  be'cw. 

2. 3. 1.1  IF  Filter/Limiter  Approach 

The  IF  filter  approach  is  shown  in  block  diagram  form  in 
Figure  3.  Originally,  it  appeared  that  the  IF  approach  would  be  preferred 
over  the  waveguide  filter  approach  from  the  standpoint  of  operational 
considerations.  The  IF  filters  could  be  readily  changed  or  replaced  to 
tneet  varying  bit  rate  requirements  in  an  operational  system.  It  was 
decided  that  consideration  of  waveguide  filtering  should  be  deferred  until 
an  IF  filtering  approach  could  be  thoroughly  evaluated. 

Consequently,  an  effort  was  undertaken  to  analytically  charac- 
terize the  IF  filter  approach.  Important  elonents  of  this  characterization 
were:  (1)  computation  of  radiated  power  spectrum,  and  (2)  computation  of 
modem  performance  (BER  versus  E{,/Nq).  A FORTRAN  computer  pregram  was 
written  to  perform  these  computations.  The  chief  analytical  tool  used  In 
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Figure  1.  1 B/Hz  Spectrum  Vllthout  Filtering  Figure  2.  2 B/Hz  Spectrum  Without  Filtering 
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Fiqure  3.  Basic  IF  Filter  Approach  to  FCC  Docket  19311  Compliance 


this  proqram  is  a Fast  FournT  Transform  (FF^)  routine.  Spectra  are 
obtained  by  averaqinq  FFf's  over  many  random  svmliol  sequences.  Time-domain 
parameters  necessary  tor  ccmputinq  «tod.?m  performance  are  also  computed  with 
the  FFT.  The  time-domain  quant  t les  of  most  importance  in  determinino 
modec'  performance  are  phase  measu’-ement'-  of  the  filtered  (hence  distorted) 
received  FSK  waveform.  The  corn;-.di  jr  proqiain  also  includes  a portion  which 
comnutes  the  average  svmbol  error  rate  given  the  distorted  phase  measure- 
ments. The  computer  program  is  de'crihed  In  more  detail  and  a listing  is 
presented  in  Appendix  B.  This  proqram  v-a  t ' nr^Hure  tiv;  results 

given  below  for  both  the  IF  and  waveguide  filter  approar>*es  to  F c i9i’ I 
compliance. 


At  the  outset  of  the  IF  filter  search  a good  analytical  or  intu- 
itive arasp  of  the  effects  of  the  filter/limit  combination  was  not  avail- 
able. The  approach  taken  therefore  was  to  try  various  combinations  of  what 
seemed  to  be  reasonable  type  filters  and  calculate  spectra  after  the 
limiter  with  thr»  computer  proqram.  During  this  extensive  iterative  process 
some  intuitive  understanding  of  necessarv  r-equirements  on  the  filter  for 
meeting  FCC  19311  began  to  emerge. 


First  and  foremost  among  the  characteristics  of  the  filter/limit 
combination  is  the  limiter's  restoration  fto  a large  degree)  of  the  prefilter 
side  lobe  levels  for  many  filters.  Figure  4 is  a case  in  point.  The 
spectrum  is  plotted  versus  32jf-fj.|T^  vbere  f * freouency,  f^  ■ center 
frequency,  and  T^  is  the  4-arv  FSK  svmbol  time.  The  quantity jf-f^j T^ 
is  thus  the  number  of  symbol  rates  removed  from  center  frequency.  Here  the 
filter  is  an  8-oo1e  0.1  dB  ripple  Tchehycheff  desiqn  with  the  3 dB  point 
at  20  on  the  horizontal  scale.  The  ma.ior  offending  side  lobe  orior  to 
filtering  occurs  at  32  on  the  horizontal  scale  and  has  level  of  -62  dB. 

The  Tchehycheff  filter  has  an  attenuation  of  55  dB  at  this  side  lobe 
frequency  there^v  placinq  the  orelimiter  side  lobe  level  at  -117  dB.  As 
shown,  after  limitinq,  the  side  lobe  is  restored  to  the  -69  dB  level  for  a 
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Tchebycheff  Filtering 


net  gain  of  only  7 dB  over  the  prefilt*»r  This  l.ieffecLi venetis  at 

reducing  the  major  side  lobe  mis  found  to  hold  for  all  filters  that  insig- 
nificantly filtered  the  main  lobe  of  the  spectrum. 

The  reason  for  this  is  clear  in  retrospect  based  cn  the  fact 
that  the  main  lobe  inside  the  authorized  bandwidth  contains  99  percent  of 
the  signal  power.  Filtering  that  leaves  this  lobe  relatively  untouched 
does  not  significantly  distort  or  change  the  phase  modulation  of  the  ori- 
ginal waveform.  Since  phase  modulation  is  the  only  filtered  signal  charac- 
teristic that  survives  through  the  hard-limiter,  it  is  then  reasonable  that 
the  spectral  side  lobes  would  be  restored  to  a large  extent.  Since  such 
filtering  affects  only  1 percent  of  the  total  energy,  it  follows  that  only 
low  level  side  lobes  would  be  significantly  reduced. 

After  observing  these  effects  and  In  response  to  the  argument 
above,  it  was  concluded  that  only  IF  filters  which  filter  the  main  lobe 
significantly  had  any  hope  of  resulting  in  FCC  19311  compliance.  The 
necessity  for  such  bandwidth  restrictive  filters  of  course  Implies 
performance  degradation  due  to  additional  intersymbol  Interference. 

From  previous  computer  simultatlons  evaluating  the  effect  of 
filters  on  FSK  signals,  it  was  felt  that  small  group  delay  distortion  would 
be  of  paramount  Importance  in  holding  performance  degradation  to  acceptable 
levels.  At  this  point  in  the  IF  filter  investigation,  various  perfectly 
phase  compensated  filters  as  well  as  Bessel  filters  (which  have  very  low 
group  delay  distortion  characteristics)  were  analyzed.  Figures -5  and  6 
show  the  spectra  obtainable  with  4-pole  and  8-pole  Bessel  filters  respec- 
tively when  followed  by  hard  limiting.  The  4-pole  filter  3 dB  bandwidth  is 
0.3  times  bit  rate  while  for  the  8-pole  filter,  a 0.33  times  bit  rate  band- 
width is  used.  Rough  calculations  of  performance  indicated  approximately 
2 dB  loss  in  performance  relative  to  the  previous  breadboard  modem. 

Figure  7 shows  the  spectrum  obtained  with  an  IF  filter  with  sine 
function  (sinc(x)  " s1n(x}/X)  rolloff  out  to  the  first  null  at  ^0.75  symbol 
rate.  The  -3  dB  bandwidth  of  this  filter  is  0.331  times  bit  rate.  Rough 
calculations  indicated  a little  less  than  2 dB  degradation  with  this  filter 
relative  to  the  previous  breadboard. 
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Figure  7.  Sine  Rolldoim  (aO.75  SR) 
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From  these  results,  it  was  concluded  that  a 3 dB  IF  bandwidth  of 
between  0.3  to  0.4  times  bit  rate  would  be  required  to  meet  FCC  19311  with 
an  IF  fi Iter/limiter  approach.  Also,  the  rolloff  outside  the  3 dB 
bandwidth  should  be  rap  id- like  the  sine  function. 

In  an  attenip!.  to  approximate  the  rapid  rolloff  and  linear  phase 
characteristic,  of  the  sine  function  filter,  performance  and  spectrum  was 
examined  with  the  filter  shown  in  Figure  8.  Here  a 4-pole  Butterworth  fil- 
ter with  3 dB  bandwidth  equal  to  simibol  rate  and  with  two  sections  of  all- 
pass  phase  compensation  is  included.  The  filter's  primary  function  is  to 


MODULATOR  4- ARY  FSK 


60969- t 


Figure  8.  IF  Filter  Approach  to  FCC  19311 

reduce  higher  order  side  lobes.  The  most  significant  main  lobe  filtering 
is  done  by  the  two  tuned  traps  (zeros  on  joiaxis)  at  ^0.75  x symbol  rate 
relative  to  carrier.  These  two  zeros  lead  to  parabolic  frequency  response 
between  the  two  notch  frequencies.  The  zeros  also  have  the  merit  of 
theoretically  creating  no  group  delay  distortion  between  the  two  notch 
frequencies.  The  overall  attenuation  and  group  delay  distortion  of  this 
composite  IF  filter  is  shown  in  Figure  9.  The  3 dB  bandwidth  of  the  filter 
is  0.375  X bit  rate.  This  ewnposite  filter  was  used  as  the  baseline  in  the 
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Figure  9.  IF  Approach  Transmit  Filter  Characteristics 
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STOPBAND  RESPONSE  (dB) 


to  Mowing  results  for  the  IF  filter  approach  i.o  FCC  19311  compliance.  The 
radiated  signal  spectrum  usino  this  IF  filter  for  2 d/Hz  operation  is  shown 
in  Figure  10.  The  radiated  signal  spectrum  for  1 B/Hz  operation  is  shown 
in  Figure  11.  Both  modes  use  the  same  IF  filter  and  both  operate  in  an 
authorized  bandwirltri  ot  i Mliv:. 

Figure  12  shows  the  computer  pert  orinance  predict  ions  for  the  IF 
filter  baseline  approach.  The  nominal  baseline  conditions  are  given  in 
Table  1. 

The  2 B/Hz  mode  theoretice. ll.v  requires  23.1  d8  E. /N  for  a 5 

-9  DO 

X 10"  symbol  error  rate. 

Figure  13  shows  the  variation  in  symbol  error  rate  as  the  symbol 
timing  at  the  demod  varies. 

Figure  14  shows  the  variation  in  symbol  error  rate  as  the 
threshold  spacing  in  our  demod  crosstalk  correction  algorithm  changes. 

The  sensitivities  shown  on  these  figures  are  roughly  the  same 
degree  of  sensitivity  to  imperfections  as  the  prior  breadboard  modem. 
However,  the  performanc'.  with  the  IF  filter  approach  shown  in  Figure  12  is 
approximately  2.3  dB  worse  than  the  performance  of  the  waveguide  filter 
approach  preso’nted  in  the  following  section.  Consequently,  the  IF  filter 
approach  was  diacarued  in  avor  of  using  tik  ''(jiiidc  fMter.  The  IF 
filter  bandwidth  required  for  FCC  19311  compliance  was  simply  too  narrow 
anc  resulted  in  excessive  signal  distortion  relative  to  the  waveguide 
filter  approach. 

At  the  end  ot  the  study  phase  it  was  discovered  that  the 
simulation  which  produced  the  performance  curve  for  the  IF  filter  approach 
shown  in  Figure  12  was  producing  optimistic  predictions.  Due  to  time 
limitations  these  simulations  were  not  re-run.  In  any  case,  the  trade-off 
between  IF  and  waveguide  filtering  is  weighted  even  more  toward  the 
waveguide  approach. 


1. 


2. 


3. 


4. 


5. 


6. 


Table  1.  Nominal  Baseline  Conditions  for  IF  Approach 

TRANSMIT  IF  FILTER:  4-po1e  Butierworlh  with  3 dB  bandwidihs  of  13.41 

MHz  and  containing  two  section  all -pass  phase 
compensation.  Two  tuned  traps  at  70  10.05  MHz. 

RADIO  TRANSMIT  IF 

FILTERS:  3-pole  0.1  d|3  ripple  Tchebycheff  and  3-pole 

Butterwoiin  both  with  3 dB  bandwidths  of  30  MHz. 


DEMOD  IF  FILTER:  4-pole  Buttctworth  with  3 dB  bandwidths  equal  to 

symbol  rate  and  containing  two  section  all-pass 
phase  compensation. 


CROSSTALK  ALGORITHM 
THRESHOLD  SETTING:  9 = 5.5°. 

REFERENCE  LOOP 

PHASE  JITTER:  0.7°  rms. 

SYMBOL  TIMING:  Within  1 percent  of  symbol  time  of  best  location. 


2*3. 1.2  Waveguide  Filter  Approach 

In  this  section  the  study  effort  which  considered  the  use  of 
microwave  waveguide  filters  for  spectral  shaping  to  meet  FCC  19311  is 
presented. 


2 . 3 . 1 . 2 . 1 Filter  Characteristics 

The  nominal  center  frequency  of  the  Philco  LC8D  radio  used  for 
testing  the  modem  was  8.075  GHz.  The  filter  attenuation  characteristic 
needed  for  FCC  19311  compliance  is  primarily  dictated  by  the  18  dB  viola- 
tion of  the  spectral  mask  for  2 B/Hz  at  symbol  rate  (one-half  bit  rate) 
removed  from  carrier.  For  this  modem  the  nominal  bit  rate  is  26.82  Mb/s. 
Thus  the  waveguide  filter  is  centered  at  8.075  GHz  and  must  be  at  least 
18  dB  down  at  ^13.41  MHz.  Based  upon  computer  simulations  and  considera- 
tion of  waveguide  filter  types  readily  available  in  the  industry,  it  was 
decided  to  use  a 4-pole  Butterworth  filter  with  3 dB  bandwidth  of  16  MHz 
for  this  approach.  The  use  of  such  a filter  results  in  near-optimum 
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Figure  13.  Nominal  IF  19311  Approach  Timing  Sensitivity 
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performance  and  leads  to  FCC  19311  compliance  for  both  the  2 B/Hz  and 
1 B/Hz  modes  operating  In  an  authorized  bandMidth  of  14  MHz.  The 
attenuation  and  group  delay  d1stc^*t1on  for  this  filter  are  shown  in  Figures 
15  and  16  respectively.  When  the  baseline  radio  filters  are  included,  the 
overall  attenuation  and  group  delay  characteristics  are  as  shown  in  Figures 
17  and  18  respectively. 

Discussions  with  waveguide  filter  manufacturers  (Microwave 
Development  Laboratories  (MDL)  and  Waveccm)  revealed  that  INVAR 
construction  of  such  a filter  will  lead  to  ^400  kHz  of  center  frequency 
detuning  at  8 GHz  and  w1thA25°  C temperature  variation.  This  detuning 
number  results  from  assuming  INVAR  material  has  a temperature  coefficient 
of  expansion  of  2 x 10*^®/°  C.  The  formula  Indicated  by  MDL  for 
computing  detuning  is 


where 


D = <fc  ( AT) 

D * Frenuency  detuning. 

€ » temperature  coefficient  of  expansion. 


(1) 


f^  » filter  center  frequency. 

AT  = temperature  variation. 

The  assumption  of  *25°  C operating  temperature  variation  is  supported  by 
reference  to  DRAMA  specs  (0°  to  49°  C)  and  to  the  Philco  LC8D  radio 
specs  (0°  to  50°  C).  Equation  (1)  then  indicates 

D = 2 x 10‘®  X 8 X 10^  X (^25)  kHz 


or  D = *400  kHz 


2.3. 1.2.2  Waveguide  Filter  Results 

Figures  19  and  20  show  the  spectra  obtained  with  the  waveguide 
filter  for  the  2 B/Hz  and  1 B/Hz  modes  respectively.  The  effect  of  trans- 
mitter detuning  of  *402  kHz  is  indicated  on  these  figures.  This  *402  kHz 
frequency  variation  is  the  amount  of  detuning  occurring  in  an  8 GHz  wave- 
guide filter  of  INVAR  construction  for  a *25°  C temperature  variation. 
These  figures  show  that  the  spectra  both  will  meet  the  FCC  19311  masks  for 
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Buiterworth  Waveguide  Filter  Attenuation  Character  1st 


Nominal  Waveguide  Baseline  Transmit  Attenuation 


WAVCCUIOC 


Figure  18.  Nominal  Waveguide  Baseline  Transmit  Group  Delay 


±25°  C temperature  variation  with  a waveguide  filter  of  INVAR  construc- 
tion. It  is  impossible  - both  from  performance  and  spectra  viewpoints  - to 
use  non-INVAR  construction  since  center  frequency  shifts  an  order  of 
magnitude  greater  would  occur  (*4  MHz)  over  this  temperature  range. 

Figure  21  shows  the  performance  for  the  waveguide  filter  base- 
line approach.  The  nominal  conditions  for  the  baseline  are  given  in  Table 
2.  As  shown,  2 B/Hz  operation  at  5 x 10  error  rate  requires  20.8  dB 
Ep/No  while  1 B/Hz  operation  requires  14.3  dB  E^j/N^.  These  predic- 
tions are  roughly  3 dB  better  than  the  performance  predicted  for  the  IF 
filter  approach.  Figure  22  shows  the  performance  of  the  modem  back-to-back 
at  IF,  i.e.,  without  the  waveguide  filter. 

Figure  23  shows  the  variation  of  symbol  error  rate  with 
detuning.  This  curve  is  important  in  comparing  the  detuning  effect  versus 
temperature  for  the  waveguide  filter  against  performance  degradation  to  be 
expected.  As  indicated  in  Figure  23  the  symbol  error  rate  degrades  by  less 
than  a factor  of  2 for 402  kHz  detuning.  This  represents  less  than  0.2  dB 

_Q 

signal-to-noise  degradation  at  a 5 x 10  bit  error  rate. 

Figure  24  shows  the  variation  of  symbol  error  rate  with  changes 
in  threshold  spacing  at  the  crosstalk  algorithm. 

Figure  25  shows  l:ie  variacion  in  symbol  error  rate  with  demod 
symbol  timing  variation. 

Again,  the  indicated  sensitivities  to  equipment  imperfections  is 
comparable  to  the  previous  breadboard  sensitivities.  Because  of  the  better 
performance  available  with  the  waveguide  filter  approach  to  FCC  19311 
spectral  compliance,  the  waveguide  was  chosen  for  the  baseline  for  this 
modem. 


2.3.2  New  Implementation  Techniques 

This  section  documents  the  study  effort  which  investigated  new 
implementation  techniques  for  the  modem.  The  effort  centered  primarily 
upon  reconfiguring  the  phase  detector  reference  derivation  to  eliminate 
critical  phasing,  timing,  and  acquisition  problems  encountered  in  the 
previous  breadboard  unit. 
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SYMBOL  ERROR  RATE 


Figure  21.  Waveguide  Approach  Baseline  Performance 
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SYMBOL  ERROR  RATE 


Table  2.  Nominal  Baseline  Conditions  for  Waveguide  Filter  Approach 


1.  RADIO  TRANSMIT  IF  FILTER: 


2.  WAVEGUIDE  FILTER: 


3.  DEMOD  IF  FILTER: 


CROSSTALK  ALGORITHM 
THRESHOLD  SETTING: 

REFERENCE  LOOP 
PHASE  JITTER; 

SYMBOL  TIMING: 

WAVEGUIDE  FILTER 
DETUNING: 


3-pole  0.1  dB  ripple  Tchebycheff  and 

3- pole  Butlerworth  - both  with  3 dB 
bandwidths  of  30  MHz. 

4- pole  Butterwprth  with  3 dB  bandwidth 
of  16  MHz. 

4-pole  Butterworth  with  3 dB  BW  equal  to 
symbol  rate  containing  two  section 
all-pass  phase  compensation. 


9 = 5°. 


0.7°  rms. 

Within  1 percent  of  symbol  time  of  best 
location. 
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SYMBOL  ERROR  RATE 


Figure  22.  Back>to-Back  Waveguide  Baseline  (Without  Filtering) 


19 
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SYMBOL  ERROR  RATE 


SYMBOL  ERROR  RATE 


L ERROR  RATE 


39 


2. 3. 2.1  The  Phase  Detector  Reference  Problem 


The  original  breadboard  had  some  severe  Implementation  problems 
which  resulted  In  critical  timing  adjustments.  The  most  severe  problems 
arose  from  the  technique  employed  to  generate  and  use  the  coherent 
reference  for  the  quadrature  phase  detector  (QPD). 

Figure  26  shows  a basic  conceptual  block  diagram  of  the  prior 
breadboard  demodulator.  Conceptually,  the  demodulator  functions  as 
follows.  A reference  Is  established  at  the  lowest  of  the  four  transmitted 


INPUT 

4-AIIV 
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REFERENCe  DERIVATION 
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Figure  26.  Simplified  Diagram  of  Breadboard  Phase  Detection  Technique 

frequencies,  f^.  This  reference  Is  used  to  provide  phase  measurements 
from  the  QPD.  These  phase  measurements  are  quantized  In  the  A/D  converter 
and  provided  to  digital  logic  which  estimates  the  transmitted  frequencies, 
taking  Into  account  any  crosstalk  generated  by  system  filtering. 

The  phase  detector  reference  loop  In  the  breadboard  operated 
open- loop  from  the  phase  measurements  being  derived  with  that  reference 
which  resulted  In  significant  critical  timing  problems.  In  Figure  26,  note 
that  the  reference  Is  derived  In  a X8  frequency  multiplier  chain  followed 
by  a phase-locked  loop  (PLL).  Because  of  Inherent  delays  that  arise  In 
various  paths  of  the  circuit,  a time  delay  trim,  r.  Is  required  to  properly 
align  the  phase  of  the  reference.  If  everything  were  Ideal  (In  particular 
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If  time  delays  remained  fixed)  the  system  as  shown  would  be  satisfactory. 
However,  with  any  variation  leading  to  differential  time  delay  between  the 
QPD  Input  and  Its  reference,  the  reference  Is  no  longer  coherent.  It  Is 
believed  that  the  Intolerance  of  the  previous  breadboard  to  frequency 
offset  could  be  traced  to  the  fact  that  such  offset  resulted  in  changes  In 
the  differential  time  delay  between  the  reference  and  QPD  Input.  The 
following  describes  the  steps  taken  to  eliminate  this  problem  In  the 
present  modem. 

The  possibility  of  making  the  QPD  provide  the  error  signal  for 
controlling  the  phase  of  the  reference  VCD  In  a closed- loop  manner  as  shown 
In  Figure  27  has  been  Investigated.  As  shown,  the  QPD  outputs  are  observed 
and  a phase  measurement  Is  noted.  From  this  phase  measurement  a phase 
error  to  the  closest  FSK  signal  phase  node  can  be  calculated.  For 
mod-index  equal  1/8  FSK,  the  possible  symbol-end  phase  nodes  are  spaced  by 
45°.  The  phase  error  signal  so  generated  Is  filtered  and  used  to  control 
the  VCO  as  shown. 

An  advantage  of  this  type  reference  loop  Is  that  the  reference  Is 
controlled  to  cause  the  phase  error  to  the  nearest  node  to  average  zero  - 
where  the  phase  error  Is  based  upon  the  actual  phases  measured  In  the  QPD 
and  not  In  an  Independently  operating  reference  derivation  loop.  The 
coherence  of  the  reference  Is  thus  guaranteed  In  a closed-loop  manner. 

During  the  study  phase.,  attention  was  focussed  on  a scheme  for 
deriving  the  phase  error  measurement  described  above  from  the  existing 
phase  detector  thresholds  In  the  demodulator.  Figure  28  shows  the  manner 
In  which  the  QPD  quantizes  the  phase  measurement  for  use  In  the  logic 
processing  circuitry.  Ten  thresholds  are  established  on  each  of  the  two 
quadrature  outputs.  As  shown  In  Figure  28  these  thresholds  allow  5 phase 
thresholds  spaced  by  approximately  5°  between  each  of  the  Ideal  ending 
phase  nodes.  Figure  29  shows  a representative  Ideal  phase  node  and  the 
phase  bins  within  ai22. 5°  of  this  node  Implied  by  the  QPD  thresholds  of 
Figure  28. 


Figure  27.  Closed  Loop  Reference  Derivation 

An  error  signal  Is  derived  fron  the  existing  slicing  levels 
wherein  the  phase  error  Is  assigned  a value  proportional  to  the  distance  of 
the  phase  bln  froa  the  Ideal  node.  Figure  29  shows  that  the  5 phase  errors 
associated  with  the  5 bins  are  0,  alS**,  «kI  *20^.  This  Is  a rather 
coarse  quantixatlon  of  the  phase  error. 

Conputer  slaultatlons  were  run  to  observe  acquisition  time, 
loop-caused  phase  JUter,  and  siabol  error  rate  obtainable  with  the  scheme 
which  filters  the  coarse  phase  error  signal  to  control  the  reference  VCO. 
Figure  30  shows  the  results  obtained.  The  various  quantities  of  interest 
are  plotted  versus  the  natural  frequency,  of  the  closed  loop.  The 
loop  damping  factor  was  held  constant  at  unity  as  the  natural  frequency  was 
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Fi9ure  ».  A AepnsMUtln  IdeO  Xode  And  Surrounding  Phase  Sins 
With  the  Thresholds  of  Figure  28 


varied.  The  ecquisUlon  t1e«  verles  rapidly  with  « The 

acguisltlon  tlw  plotted  Is  tor  80  kN<  of  Inltl.I  fr2quenc/ott«t. 

E^/N^  for  all  curves  Is  20  dB. 

To  achieve  the  design  goal  of  1 «s  acquisition  time  for  80  kHz 
offset.  It  is  anparent  from  Figure  30  that  the  loop  bandwidth  will  have  to 
i>e  set  at  a fairly  large  value  (at  least  70  to  80  kHz  « ) and  then  after 
acquisition  switch  to  a narrow  bandwidth  approximately  10  kHz)  to 
reduce  nes  loop-caused  phase  Jitter  to  a desirable  level  of  0.7®. 

The  basic  block  diagram  for  the  closed-loop  reference  derivation 
scheme  demodulator  is  shown  in  Figure  31. 
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Figure  31.  Phase  Detector  - Demod  for  4-ary  CPFSK 

The  good  results  for  the  relatively  simple  closed  loop  scheme 
just  described  made  the  other  more  complex  schemes  that  were  considered 
look  very  unattractive  and  they  were  quickly  discarded. 

2. 3. 2. 2 The  Acquisition  Problem 

The  primary  acquisition  problem  occurs  with  the  quadrature  phase 
detector  reference  loop.  The  original  goal  was  1 ms  acquisition  with  80  kHz 
of  frequency  offset. 

With  80  kHz  frequency  offset,  the  closed-loop  technique 
described  above  requires  a loop  bandwidth  of  approximately  100  kHz  to 
acquire  in  1 ms.  This  loop  bandwidth  results  in  degradation  due  to 
excessive  phase  Jitter  of  roughly  two  orders  of  magnitude  in  error  rate. 
Thus,  it  is  necessary  to  switch  to  a narrower  loop  following  acquisition  in 
order  to  reduce  the  jitter.  Simulation  indicated  that  a loop  bandwidth  of 
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approx itnately  10  kHz  is  required  to  reduce  jitter  to  a desired  level  of 

0.7°  rms. 

The  provision  of  two  different  loop  bandwidths  is  a complicating 
factor  in  the  implementation.  Not  only  are  there  special  implet..entation 
problems  brought  on  by  the  necessity  to  switch  loop  filters,  but  also  the 
requirement  for  acquisition  loop  bandwidth  of  100  kHz  reflects  into  a 
requirement  (from  stability  considerations)  for  a crystal  VCO  response 
bandwidth  which  stresses  the  capabilities  of  such  VCO's. 

It  was  desirable  to  eliminate  the  requirement  to  switch  between 
two  different  loop  bandwidths  brought  on  by  the  1 ms  design  goal.  Several 
alternative  approaches  follow: 

1.  Increase  the  allowable  acquisition  time  for  80  kHz  frequency 
offset. 

2.  Reduce  the  frequency  offset  and  keep  1 ms  acquisition  time. 

3.  Co»nbi nation  of  reduced  frequency  offset  and  greater  than 
1 msec  acquisition. 

These  three  alternatives  are  summarized  in  Table  3.  These  numbers  are 
generated  from  the  computer  simulation  shown  in  Figure  30  and  assuming  that 
acquisition  behavior  is  as  in  a second  order  phase-locked  loop  (which  our 

2 -3 

closed-loop  scheme  is),  i.e.,  T^^^  «e  (Af)  where  Af  is  frequency 

offset  and  = loop  natural  frequency. 

Frequency  stability  of  10“^  would  hold  frequency  offset  tc 
under  1 kHz  at  8 GHz  and  such  stability  would  allow  one  loop  bandwidth 
acquisition  in  1 ms  and  no  baseline  degradation. 

In  consultation  with  RADC  an  assumption  of  20  kHz  frequency 
offset  and  20  ms  goal  on  acquisition  was  adopted.  A single  loop  bandwidth 
of  14  kHz  which  as  indicated  by  the  bottom  line  in  Table  3 results  in  no 
more  than  0.1  dP  baseline  degradation  was  Implemented. 
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Alternative  3 Alternative  2 Alternative 


Table  3.  Effect  of  Changing  Acquisition  Specification  on  the 
Single  Loop  8U  Reference  Scheme 


Freq.  Offset 
(kHz) 

Acq.  Time 
(MS) 

Loop  Nat.  Freq. 
(kHz) 

Baseline  Degradation 

m 

80 

4 

so 

0.5 

80 

7 

40 

0.3 

80 

18 

30 

0.25 

80 

32 

25 

0.2 

80 

60 

20 

0.1 

80 

320 

14 

0.1 

40 

1 

63 

0.6 

30 

1 

52 

0.5 

20 

1 

40 

0.3 

10 

1 

25 

0.2 

40 

32 

20 

0.15 

30 

32 

16 

0.1 

20 

32 

13 

-0 

10 

32 

8 

0 

20 

20 

14 

-0.1 
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2. 3. 2. 3 Dual  B/Hz  Capability 

A relatively  simple  technique  was  uncovered  during  the  study 
phase  for  providing  1 B/Hz  as  well  as  2 B/Hz  capability  in  the  modem.  The 
technique  exploits  maximal  equipment  commonality  between  the  two  modes  of 
operation  in  both  modulator  and  demodulator.  The  technique  allows 
13.41  Mb/s  operation  in  the  1 B/Hz  mode  and  26.82  Mb/s  operation  in  the 
2 B/Hz  mode  - both  operating  in  an  authorized  bandwidth  of  14  MHz. 

The  approach  involves  using  mod-index  1/4  4-ary  FSK  in  the  1 B/Hz 
mode  and  mod-index  1/8  4-ary  FSK  in  the  2 B/Hz  mode.  At  the  modulator, 
operation  as  described  above  results  in  both  modes  utilizing  the  same  four 
modulation  frequencies.  The  1 B/Hz  mode  simply  selects  one  of  the  four 
synthesized  frequencies  at  one-half  the  rate  (6.705  MHz)  as  the  2 B/Hz  mode 
(13.41  MHz).  Thus,  the  modulator  is  common  between  the  two  modes. 

Figure  32  shows  the  manner  in  which  the  two  modes  are  handled  at 
the  demodulator.  In  the  2 B/Hz  mode  the  70  MHz  radio  IF  signal  is  filtered 
by  a 13.41  MHz  (symbol  rate)  3 dB  bandwidth  filter  and  passed  directly  on  to 
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70  MHz 
IF  RADIO 
INTERFACE 


Figure  32.  Dual  b/h7  Ounvarsion  O^uiiodulator  Front-End 
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the  demodulator  phase  detector  and  A/D  which  Is  designed  under  the  assump- 
tion of  mod-index  1/8  4-ar>  FSK  Input  (the  Ideal  phase  nodes  are  spaced  by 
45°).  In  the  1 B/Hz  mode  on  the  other  hand  a conversion  step  Is  Included 
as  shown  to  convert  the  received  mod-index  1/4  signal  to  mod-index  1/8 
afUi  '.ering  by  a 6.705  MHz  (again,  s^bol  rate  for  this  mode)  3 dB 
bandw  dth  IF  filter.  This  conversion  Is  acccmpllshed  by  first  mixing  to  a 
t mlnal  140  MHz  IF  frequency  followed  by  frequency  d1v1de-by-2  to  produce  a 
nominal  70  MHz  mod-index  1/8  IF  signal  which  once  again  Is  appropriate  to 
feed  to  the  phase  detector  and  A/D  for  further  processing.  Fortunately, 
the  signal  phase  distortion  produced  by  the  6.705  Miiz  bandwidth  filter  in 
the  1 B/Hz  mode  is  almost  exactly  twice  that  In  the  2 B/Hz  mode.  As  a 
result,  after  the  frequency  d1v1de-by-2  operation  ( +2  counter)  the  signal 
phase  distortion  is  identical  between  the  two  modes.  Further,  this  means 
that  the  phase  quantizing  thresholds  In  the  phase  detector  are  Identical 
between  the  two  modes.  Thus,  the  only  differences  In  the  demodulator 
required  between  the  modes  are  the  changes  required  to  handle  the  two 
different  symbol  rates  (reference  loop  bandwidth  change  and  symbol  timing 
loop  change). 

The  approximate  6 dB  Improvement  In  performance  of  the  1 B/Hz 
mode  over  the  2 B/Hz  mode  can  be  thought  of  In  light  of  this  conversion 
step  In  the  following  way.  The  Ideal  phase  node  spacing  of  the  converted 
signals  are  Identical  (45°)  for  the  two  modes.  Because  of  the  dlvlde- 
by-2  operation  in  the  1 B/Hz  mode,  however,  the  rms  noise-caused  phase 
jitter  Is  halved.  This  Is  the  source  of  the  6 dB  Improved  performance. 

2.3. 2.4  New  Receiver  IF  Filter 

During  this  study  It  was  found  that  a 4-pole  Butterworth  filter 
with  two  sections  of  all-pass  phase  compensation  performed  better  than  the 
prior  modem's  4-po1e  Bessel  filter.  The  3 dB  bandwidth  Is  equal  to  the 
4-ary  symbol  rate.  The  attenuation  and  group  delay  distortion  character- 
istics of  this  filter  are  shown  In  Figure  33. 
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SECTION  3.0 
HARDWARE  DESCRIPTION 


3.0 


HARDWARE  DESCRIPTION 


An  experimental  modem  Incorporating  the  baseline  concepts 
described  in  Section  2.0  was  constructed.  The  actual  hardware  Is  described 
in  this  section.  The  modulator  and  demodulator  sections  of  the  modem  are 
physically  packaged  separately. 

3.1  Modu 1 ator 

The  modulator  Is  contained  In  a 5.25  Inch  high  chassis  designed 
to  be  mounted  In  a standard  19-Inch  rack.  The  unit  contains  Integral  power 
supplies  and  cooling  fan.  It  should  be  noted  that  as  cooling  air  Is  drawn 
Into  the  chassis  from  the  top,  a minimum  space  of  3.5  Inches  Is  required 
above  the  unit. 

A photograph  of  the  modulator  front  panel  Is  shown  In  Figure 
34,  Input  data  Is  applied  to  Jacks  A and  B. 


Figure  34.  Modulator  Front  Panel 

For  2 B/Hz,  26.82  Mb/s  single  stream  operation  and  1 B/Hz,  13.41 
Mb/s  single  stream  operation,  channel  A Is  used  exclusively.  For  2 B/Hz 
and  two  synchronous  13.41  Mb/s  stream  operation,  channels  A and  B are 
multiplexed  together  within  the  modulator  producing  a single  Internal  26.82 
Mb/s  data  strr>am.  An  Input  bit  rate  clock,  synchronous  with  the  Input  data 
must  be  applied  to  the  INPUT  CLOCK  Jack.  The  data  transition  should  occur 
on  the  rising  edge  of  the  clock.  Exact  alignment  Is  not  required,  but 
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liming  should  be  within  1/4  bit  time.  A transmit  clock  is  provided  at  the 
OUTPUT  CLOCK  jack.  Its  frequency  is  crystal-controlled  and  automatically 
switches  from  26.82  MHz  to  13.41  MHz  as  required  when  the  MODE  switch  is 
operated.  The  three  most  counterclockwise  positions  of  the  MODE  switch 
are  for  2 B/Hz  operation.  Position  A is  for  use  with  a single  26.82  Mb/s 
data  stream  (applied  to  jack  A).  Position  A-*-B  is  for  multiplexing  two 
13.41  Mb/s  data  streams  together  (jacks  A and  B).  The  position  labeled 
TEST  reconfigures  the  internal  20-stage  randomizer  for  use  as  a 
pseudorandom  sequence  generator.  No  external  data  or  clocks  need  be 
applied  in  this  mode.  The  two  most  clockwise  positions  of  the  MODE  switch 
are  used  for  1 B/Hz  operation.  Position  A is  for  a single  13.41  Mb/s  input 
data  stream  (jack  A).  There  are  no  multiplexing  provisions  in  the  1 B/Hz 
mode.  The  1 B/Hz  TEST  position  allows  for  internal  generation  of  a 13.41 
Mb/s  pseudorandom  data  stream.  The  IF  OUTPUT  jack  provides  a modulated  70 
MHz  signal  at  a nominal  level  of  >1  dBm. 

All  front  panel  jacks  are  BNC  type  and  are  designed  to  interface 
with  75  ohm  circuits.  Digital  input  and  output  levels  are  nominally  2 
volts  peak-to-peak  with  +1  volt  being  a "1"  and  -1  volt  a ”0''. 

A conceptual  block  diagram  of  the  Modulator  is  shown  in  Figure 
35.  Its  theory  of  operation  is  identical  to  that  of  the  previous  modem 
where  pairs  of  data  bits  are  used  to  select  one  of  four  phase  coherent 
frequencies  each  symbol  time.  The  four  tones  are  generated  by  mixing  an  8 
times  bit  rate  clock  with  bit  rate  and  symbol  rate.  This  forms  a mod- index 

1 signal  which  is  divided  by  8 to  generate  the  desired  mod-index  1/8  signal 
which  is  mixed  up  to  70  MHz.  The  primary  difference  between  this  modulator 
and  the  previous  one  is  the  phase-locked  loop  (PLL)  that  locks  to  the 
externally  supplied  bit  rate  clock.  This  PLL  supplies  all  the  modulator 
clocks,  including  the  8 times  bit  rate  clock  used  in  the  frequency 
generator.  Thus,  the  four  tones  have  a fixed  time  relationship  to  the 
symbol  rate  clock  that  selects  the  desired  tone. 

Input  data  is  applied  to  lines  A and  B.  For  2 B/Hz  single 
stream  operation  and  1 B/Hz  operation,  channel  A is  used  exclusively.  For 

2 B/Hz  and  two  synchronous  13.41  Mb/s  stream  operation,  channels  A and  B 
are  fed  to  the  MUX  where  a single  26.82  Mb/s  stream  is  produced.  This 
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MULTIPLEXER 


Figure  35.  Modulator  Block  Diagram 


stream  is  randomized  and  fed  to  the  Frequency  Selector.  In  the  test  mode, 
the  randomizer  is  used  to  produce  a pseudorandom  sequence  and  requires  only 
a clock  input.  For  this  mode,  the  clock  PLL  locks  to  an  internal  reference 
/^clock  which  also  supplies  a transmit  clock  to  the  outside  world. 


One  B/Hz  operation  is  provided  by  selecting  the  tones  (which 
remain  the  same)  at  one  half  the  2 B/Hz  symbol  rate,  producing  a mod-index 
1/4  signal. 


3.2  Demodulator 

The  demodulator  is  contained  in  an  8.75-inch  high  chassis 
designed  to  fit  a standard  19-inch  rack.  The  unit  contains  integral  power 
supplies  and  cooling  fan.  As  cooling  air  is  drawn  into  the  top  of  the 
chassis,  a minimum  space  of  3.5  inches  above  the  unit  is  required. 

A photograph  of  the  demodulator  front  panel  is  shown  in  Figure 
36.  The  demodulator  receives  IF  at  70  MHz,  +1  dBm  at  the  IF  IN  jack. 


Figure  36.  Demodulator  Front  Panel 
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Input  impedance  is  75  ohms.  Output  data  appears  at  jacks  A and  6. 

Recovered  bit  rate  timing  appears  at  the  CLOCK  OUTPUT  The  data 

transitions  occur  on  the  rising  edge  of  this  clock.  In  the  self-test  mode 
(selected  at  the  modulator)  bit  errors  detected  by  the  internal 
self -synchronizing  derandomlzer  produce  positive  pulses  on  the  BIT  ERROR 
OUTPUT  jack.  Normally,  this  output  remains  at  a logic  “O"  (-1.0  V Into  75 
ohms)  when  the  modem  Is  operating  error-free  In  the  TEST  mode.  All  logic 
outputs  provide  2 volts  peak-to-peak  Into  a 75  ohm  load.  A logic  "1"  is 
represented  by  -i-l.O  volt  and  a logic  "0"  by  -1.0  volt. 

The  KOOE  switch  has  three  positions.  The  two  most 
counterclockwise  positions  select  2 B/Kz  operation.  Position  A is  used 
when  the  modulator  receives  a single  26.82  Mb/s  data  stream.  This  position 
is  also  used  for  the  2 B/Hz  TEST  mode  (selected  at  the  modulator). 

Position  corresponds  to  tlie  similarly  marked  position  on  the  modulator 
when  the  data  Input  consists  of  two  synchronous  13.41  Mb/s  data  streams. 

The  single  1 B/Hz  position.  A,  Is  used  for  both  13.41  Mb/s  data  stream 
operation  and  the  1 6/Hz  TEST  mode.  With  the  demodulator  MODE  switch  set 
to  the  position  corresponding  to  that  chosen  on  the  modulator,  the  output 
data  appearing  at  Jacks  A and  B corresponds  to  the  Input  data  at  the  Input 
jacks  on  the  modulator  bearing  the  saaie  label. 

With  the  modulator  in  one  of  the  two  TEST  modes,  the  data 
outputs  on  the  demodulator  will  remain  at  a logic  "1”  when  the  modem  Is 
operating  error-free.  The  BIT  ERROR  OUTPUT  produces  a half-bit  period 
pulse  for  each  error  detected.  Bit  error  rate  performance  can  be 
determined  by  measuring  the  frequency  at  the  BIT  ERROR  OUTPUT  Jack  and 
dividing  this  number  by  the  bit  rate  (26.82  Mb/s  or  13.41  Mb/s).  The 
derandomizer  Is  of  such  a design  that  It  will  produce  three  pulses  for 
every  Isolated  error  made  by  the  processing  logic.  This  corresponds  to 
normal  operation  when  the  randomizer/derandomizer  Introduces  an  approximate 
factor  of  three  degradation  in  bit  error  rate  performance. 

A conceptual  block  diagram  of  the  Demodulator  is  shown  in  Figure 
37.  In  2 B/Nz  mode,  the  70  PVIz  IF  is  fed  to  a linear  phase,  matched  filter 
and  then  to  a limiter.  In  1 B/Hz  operation,  the  mod-index  1/4  signal  is 
fed  to  another  matched  filter  and  is  then  mixed  up  to  approximately  twice 
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the  center  frequency  and  then  divided  by  two  to  produce  a mod-index  1/8 
signal.  It  is  then  processed  the  same  as  the  2 B/Hz  signal. 

The  limited  signal  is  applied  to  the  quadrature  phase  detector. 
The  phase  measurements  of  the  sine  and  cosine  channels  are  sampled  and  held 
while  their  values  are  digitized  by  the  A/D's.  Logic  circuitry  is  used  to 
derive  an  error  signal  from  the  phase  measurements.  This  error  signal  is 
used  to  drive  a VCXO  through  the  loop  filter.  The  VCXO  provides  the 
reference  for  the  phase  detector.  The  loop  closure  thus  aligns  the 
reference  to  minimize  the  average  error  to  the  phase  modes.  The  A/D 
outputs  also  go  to  the  processing  logic.  This  logic  is  identical  in 
concept  to  that  used  in  the  breadboard  developed  on  the  previous  contract 
(F31:J602-74-C-0263).  For  a detailed  explanation  of  its  operation,  refer  to 
Final  Technical  Report  RADC-TR-76-117.  The  recovered  data  from  the  Icgic 
goes  to  the  self-synchronizing  derandomizer.  The  derandomized  data  is  fed 
to  the  demux  which  can  be  bypassed  for  single  stream  operation. 

Oemod  timing  is  recovered  by  a discriminator  on  the  limited 
input  signal  producing  a PAM  sequence.  Squaring  recovers  the  symbol  rate 
component  to  which  a PLL  is  locked,  providing  symbol  rate  and  bit  rate 
clocks  for  the  demodulator. 

3.3  FCC  19311  Waveguide  Filter 

In  order  to  meet  the  spectral  requirements  of  FCC  Docket  19311, 
a microwav?:  filtering  approach  was  used.  The  filter  is  a waveguide  section 
designed  to  be  installed  directly  into  the  LC8D  radio,  replacing  tiie  final 
transmitter  output  filter. 

The  desired  filter  characteristics  were  soecified  as  follows: 

Electrical  Characteristic  Desired: 

1)  Attenuation  and  group  delay  characteristics  associated  with 
c.  4-pole  Butterworth  filter.  (.See  F-gures  15  through  18  for 

detail) 

2)  3 dB  bandwidth  = 16  MHz 
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3)  Center  frequency  at  foom  temperature  (25°  C)  = 8.075  GHz 

4)  Detuning  versus  temperature:  Center  frequency  'shift 
< ^450  kHz  over  0°  to  50°  C temperature 

5)  Insertion  loss:  < 1 dB 

6)  Max.  VSWR:  1.1 

7)  Critical  attenuations  required:  At  room  temperature 
(25°  C)  at  8.075  6H’  +13.41  MHz  filter  must  be  19  dB  down 

Mechanical  Characteristics 

1.  Waveguide  size:  WR112 

2.  Dimensional  information: 

a)  Flange-to-flange:  7"  in-line 

b)  Max.,  dimension  at  right  angle:  4'  (oneside  only) 

3.  Flange  type:  UG-51  for  WR112  waveguide 

The  filter  was  manufactured  by  MDL.  The  specifications  were 
treated  as  design  goals.  The  filter  delivered  to  Harris  ESI)  fciiled  to  meet 
the  desired  group  dela>  distortion  characteristics.  The  actual  filter's 
group  delay  distortion  is  shown  in  Figure  33.  The  excessive  group  delay 
peaks  near  the  band  tJges  account  for  much  of  the  excess  degradation 
introduced  by  the  filter.  It  was  determined  that  group  delay  compensation 
introduced  at  IF  should  be  investigated  during  the  test  program  at  kADC. 
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Figure  38.  Group  Delay  Distortion  4-Po1e  Butterworth  Waveguide  Filter 


SECTION  4.0 
TEST  RESULTS 
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4.0 


TEST  RESULTS 


test  program  was  performed  at  Harris  CSD  in  Melbourne, 
Florida,  and  at  RAOC  in  Rome,  New  York.  The  in-plant  tests  were  designed 
to  provide  & performance  baseline  from  whicn  to  interpret  results  from 
later  radio  tests  and  to  verify  the  characteristics  of  various  internal 
parameters.  These  tests  were  performed  with  the  modem  looped  back  at  70 
MHz  with  additive  thermal  noise.  Tests  were  also  performed  with  the  modem 
looped  back  through  an  up/downconverter  allowing  the  introduction  of  the 
FCC  19311  waveguide  filter  to  the  signal  path.  The  RADC  tests  included 
back-to-back  tests  at  70  MHz  and  tests  through  the  LC8D  tadio  connecteu 
back-to-back.  The  test  plan  which  describes  test  setups  and  procedures  is 
included  in  this  report  as  Appendix  f.. 

In  this  section,  the  test  results  are  presented.  Modem 
performance  was  very  good  and  all  design  requirements  were  met.  In 
addition  the  modem  performance  came  very  close  to  meeting  all  design 
objectives. 


4.1  In-Plant  Tests 

This  paragraph  presents  data  acquired  at  Harris  ESD  during  the 
period  of  November  1,  1977  through  Noventier  4,  1977. 

4.1.1  Spectral  Efficiency  Results 

Since  the  actual  spectrum  presented  at  the  radio  transmitter 
output  is  the  true  nteasure  of  compliance  with  FCC  Docket  19311,  tests 
performed  at  Harris  ESD  could  only  be  useful  as  preliminary  indicators. 
Hence,  detailed  plots  were  taken  only  at  RADC.  However,  photographs  we'^e 
taken  at  Harris  ESD  of  the  spectra  at  70  MHz  at  the  Modulator  output  and  at 
the  output  of  the  up/down  converter  that  contained  the  FCC  19311  waveguide 
filter.  Figure  39  shows  the  2 B/Hz  spectrum  directly  at  the  modulator 
output.  Figure  40  shows  the  2 B/Hz  spectrum  after  the  waveguide  filter  and 
dowii-cor  vers  ion  to  70  MHz.  Examination  of  these  spectra  indicated  that  the 
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Figure  39.  2 B/Hz  Spectrum  Without  FCC  19311  Filter 
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Figure  40,  2 B/Hz  Spectrum  With  FCC  19311  Filter 
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filut  I Ot  m»(l  ri'j  t'xporied  and  Lhdl  ihe  requirements  of  FCC  19311  would 

Lit-  HU  1 . 


Thu  1 B/Hz  speclrum  before  and  after  filtering  is  shown  in 
Fiyures  41  and  4?  respectively.  Compliance  with  FCC  Docket  19311  was  also 
indicated  here. 
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Figure  41.  1 B/Hz  Spectrum  Without  FCC  19311  Filter 
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Figure  42.  1 B/Hz  Spectrum  With  FCC  19311  Filter 


More  detailed  and  documented  spectral  results  are  presented  in 
the  RADC  test  result  section. 

4.1.2  BER  Vs 

The  design  objective  for  the  modem  was  a bit  error  rate  of 

.q 

5 X 10  * or  less  at  an  of  22  dB  when  operating  through  the 

Philco  Ford  LC8D  radio  for  a nominal  2 3/Hz  spectral  efficiency.  The 

design  objective  for  a nominal  1 B/Hz  spectral  efficiency  under  the  same 

a 

conditions  was  5 x 10  bit  error  rate  at  an  E^j/N^  of  16  dB.  These 
design  goals  are  for  performance  without  the  20  stage  randomizer/ 
derandomizer,  which  was  not  to  degrade  BER  by  more  than  a factor  of  3 in 
the  vicinity  of  a 1 x 10"^  BER.  The  BER  was  measured  in  a variety  of 
configurations,  as  described  below.  Details  of  the  test  configuration  and 
calibration  are  in  Appendix  C. 

4. 1.2.1  2 B/Hz  Test  Results 

To  obtain  baseline  performance  data,  the  modulator  and 
demodulator  were  connected  directly  at  70  MHz.  Thermal  noise  with  an 
equivalent  bandwidth  of  41.5  MHz  was  added  at  70  MHz.  Initially,  the 
internal  randomizer /derandomizer  was  bypassed  and  the  plot  shown  in  Figure 
43  was  obtained  with  an  external  data  generator  and  error  counter.  The 
measured  data  is  shown  with  a computer  baseline  prediction  described  in 

_q 

Section  2.0.  In  the  vicinity  of  a 5 x 10  BER,  the  measured  data  is 
approximately  0.8  dB  from  that  predicted.  At  higher  bit  error  rates,  the 
difference  is  closer  to  0.5  dB.  A BER  of  5 x 10  was  obtained  at  an 
Eb/N^  of  20.6  dB  back-to-back  without  randomizer. 

Figure  44  shows  2 B/Hz  back-to-back  performance  through  the 
randomizer  on  Channel  A with  a single  26.82  Mb/s  data  stream.  Comparison 
with  Figure  43  shows  that  the  randomizer  introduced  a BER  uegradation  of 
less  than  a factor  of  three  at  any  BER.  Note  that  the  computer-predicted 
curve  has  been  shifted  by  a factor  of  three  for  all  plots  showing 
incorporation  of  the  randomizer. 
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Figure  43.  BER-2  B/Hz,  Back-to-6ack,  Without  Randomizer 
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Figure  45  and  Figure  46  demonstrate  that  performance  in  the  A 
and  B mode,  where  two  synchronous  13.41  Mb/s  data  streams  are  multiplexed 
together,  is  essentially  the  same  as  that  of  the  single  26.8?  Mb/s  data 
stream  mode,  figure  47  shows  performance  as  measured  in  the  TEST  MODE 
without  benefit  of  external  data  ganerator  and  error  detector.  The 
resulting  curve  is  virtually  identical  to  that  of  Figure  44,  demonstrating 
the  validity  of  this  test  technique. 

To  simulate  performance  over  the  LC8D  radio  with  FCC  19311 

waveguide  filter,  the  modulator  output  was  upconverted  to  8.075  GHz, 

filtered,  and  oovnconverted  to  70  MHz  where  broadband  noise  was  added.  The 

results  are  shown  in  Figure  48.  The  randomizer  was  bypassed  for  this  test 

_g 

to  facilitate  measurement.  A BER  of  5 x 10  was  achieved  at  an 
Eb/No  of  22.9  dB.  This  is  about  2.3  dB  from  the  prediction  and  about 
0.9  dB  from  the  design  goal.  These  results  indicated  that  group  delay 
compensation  at  70  MHz  might  be  desirable  with  the  LC8D  radio. 

4. 1.2. 2 1 D/Hz  Test  Results 

Figure  49  Shows  the  basic  1 B/Hz  BER  performance  without 

randomizer.  A BER  of  5 x 10*  was  achieved  at  an  of  15.3  dB, 

CO 

which  is  approximately  1 • 3 uS  from  the  predicted  value.  The  same  test  ’•on 

.0 

with  randomizer  resulted  in  a BER  of  5 x 10  at  an  Ew/h..  of  15.7 
dB.  This  curve  is  shown  in  Figure  50,  As  with  ? B/Hz  operation, 
performance  is  degraded  by  no  more  than  a factor  of  three  by  tte 
randomizer.  BER  performance  was  also  measured  using  the  internal  TEST 
MODE.  Results  are  within  measurement  error  of  those  obtained  wit»>  externa’ 
BER  measurement  equifmient.  A plot  of  this  date  may  be  found  in  Figure  SI. 

T e use  of  the  FCC  19311  waveguide  fHter  Sas  much  less  effect 
on  1 B/Hz  operation  than  2 S/Mz  operation.  This  is  a result  of  the  more 
compact  1 B/Hz  spectrtaa.  Figure  52  depicts  1 B/Hz  BER  per*ormance  without 
randomizer.  A BER  of  5 x 10*  occurred  at  an  E,./h„  of  15.6  dB.  This 
exceeds  he  desiQ'i  goal  py  0.4  dS.  The  computer  Simula*,  icm  was  1.6  dB 
inside  the  measu-ed  value. 
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Figure  46. 


BER-2  3/Hz, 
Channel 


Back-to-Back,  With  Randomizer 
B - 13  41  Mb/s 
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Figure  BEP.-2  B/Hz,  With  FCC  19311  Waveguidu 
Filter,  Without  Randomizer 
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Figure  50.  BER-1  B/Hz,  Back-to-Backj,  With  Randomizer 
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Figure  52. 


BER-1  B/Hz,  With  FCC  19311  Filter,  Without  Randomizer 
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4.1.3 


Acquisition  Test  Results 


Acquisition  performance  was  tested  by  gating  the  IF  signal  on 
and  off  with  an  electronic  switch.  The  modem  was  run  in  the  self-test  mode 
and  the  BIT  ERROR  OUTPUT  observed  on  an  oscilloscope.  Noise  was  added  to 
the  IF  to  produce  a BER  in  the  vicinity  of  1 x 10”^  with  the  demodulator 
locked  up.  With  the  IF  gated  off,  a 50  per  cent  error  rate  produces  a 
large  number  of  transitions  of  the  BIT  ERROR  OUTPUT.  When  the  IF  is 
reapplied  and  acquisition  achieved,  the  error  rate  is  so  low  as  to  make 
transitions  unobservable  on  the  oscilloscope.  The  transition  from  high 
error  rate  to  low  may  be  observed  on  the  scope  and  compared  to  the  time  at 
which  the  IF  is  gated  on.  The  photograph  in  Figure  53  was  exposed  long 
enough  to  record  about  10  acquisition  attempts.  The  modem  was  operating  in 
the  2 B/Hz  mode  with  an  IF  offset  of  +20  kHz.  The  upper  trace  marks  the 
application  of  IF  to  the  demodulator  with  a positive  transition.  The  error 
transitions  on  the  lower  trace  cease  in  less  than  10  ms,  indicating 
acquisition.  Long  term  observation  revealed  that  more  than  90  percent  of 
all  acquisition  attempts  were  completed  in  less  than  10  ms  and  none  were 
observed  to  require  more  than  20  ms.  The  design  goal  was  20  ms  with  an 
offset  of  20  kHz.  The  same  results  were  obtained  for  an  offset  of  -20  kHz 
(Figure  54). 

Acquisition  in  1 B/Hz  mode  was  measured  with  the  same  test  set- 
up. Sample  acquisitions  are  shown  in  Figure  55  and  Figure  56  for  +20  kHz 
offsets  and  -20  kHz  offsets  respectively.  Acquisition  was  achieved  success- 
fully in  less  than  15  ms  in  more  than  90  percent  of  all  trials.  On  rare 
occasions  (judged  to  be  less  than  1 percent  of  all  trials)  25  ms  was 
required  for  acquisition. 
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Figure  53,  2 B/Hz  Acquisition,  IF  Offset  +20  kHz 


UPPER  TRACE-  POSITIVE 
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Figure  54.  2 B/Hz  Acquisition,  IF  Offset  -20  kHz 
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UPPER  TRACE-  POSITIVE 
TRANSITION  GATES  IF  ON 

LOWER  TRACE-  BIT  ERROR 
OUTPUT,  6 ms/OIV 
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Figure  55.  1 B/Hz  Acquisition,  IF  Offset  •*■20  kHz 

UPPER  TRACE-  POSITIVE 
TRANSITION  GATES  IF  ON 

LOWER  TRACE-  BIT  ERROR 
OUTPUT,  5 ms/DIV 
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Figure  56.  1 B/Hz  Acquisition,  IF  Offset  -20  kHz 
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4..' 


RAOC  Tests 


This  paragraph  prcsc;.its  dala  acquired  at  the  RADC  test  tacillty 
at  Verona,  New  York,  Novemtr  7,  1977  through  November  11,  1977. 

4,2.1  Spectral  Efficiency  Results 

’ll  order  to  demonstrate  the  spectral  shaping  introduced  by  the 
FC(  19311  waveguide  filter,  spectral  measurements  were  first  made  at  the 
output  of  the  Philco  Ford  LC8D  radio  transmitter  without  the  waveguide 
filler.  The  spectra  were  measured  with  a Hewlett  Packard  spectrum  analyzer 
at  8 GHz.  The  analyzer  was  adjusted  for  300  kHz  IF  bandwi'i^lh  and  100  Hz 
video  bandwidth  and  was  ircd  to  drive  an  X-Y  plotter.  To  ensure  accuracy, 
the  amplitude  and  frequenc./  scales  were  calibrated  with  markers  at  10  dB 
intervals  on  the  vertical  ^xis  and  with  frequency  markers  at  0,  +7,  and  +14 
MHz  on  the  horizontal  axis.  The  0 dB  power  refereute  was  a single 
frequency  tone  from  the  modulator.  This  represents  tna  I transmitted 
power.  All  plots  show  a vertical  axis  that  is  corrected  to  a 4 kHz  IF 
bandwidth.  The  correction  factor  for  a bandwidth  reduction  from  300  kHz  to 
4 kHz  is  -18.8  dB,  hence  the  nonintegral  calibration  marks. 

Figure  57  shows  the  unfiltered  2 B/Hz  spectrum  at  the 
transmitter  output.  The  FCC  19311  spectral  mask  is  drawn  to  scale  on  the 
plot.  The  two  side  lobes  exceed  allowable  levels  by  some  12  dB  indicating 
that  additional  filtering  is  required.  Figure  58  shows  the  unfiltered  1 
B/Hz  spectrum.  Its  side  lobes  also  exceed  allowable  levels  by 
approximately  10  dB. 

The  spectra  were  remeasured  after  installation  of  the  FCC  19311 
waveguide  filter  at  the  radio  transmitter  output.  Figure  59  and  Figure  60 
show  the  2 B/Hz  spectrum  and  1 B/Hz  spectrum  respectively.  Tne  2 B/Hz 
spectrum  fits  within  the  spectral  mask  with  a minimum  margin  of 
approximately  4.4  oB.  The  i B/Hz  spectrum  has  a margin  of  approximately 
7.5  dB.  Thus,  the  spectral  requirements  of  FCC  Docket  19311  are  met. 
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Figure  57.  2 B/Hz  Spectrum  Measured  at  LC8D  Radio  Transmitter 

Output  (8  GHz)  Without  FCC  19311  Waveguide  Filter 
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Figure  58.  1 B/Hz  Spectrum  Measured  at  LC8D  Radio  Transmitter 

Output  (8  GHz)  Without  FCC  19311  Waveguide  Filter 
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Figure  60.  1 B/Hz  Spectrum  Measured  at  LC8D  Radio  Transmitter 

Output  (8  GHz)  With  FCC  19311  Waveguide  Filter 
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It  was  noted  that  the  measured  peak  of  the  spectra  (at  center 
frequency)  is  3 to  4 dB  lower  than  predicted  by  computer  simulation.  This 
was  also  observed  on  the  photographs  taken  at  Harris  ESD.  The  discrepancy 
may  perhaps  be  attributed  to  the  operation  of  the  spectrum  analyzer  which 
averages  the  log  of  the  signal  rather  than  averaging  the  signal  before 
taking  the  log.  However,  even  if  the  spectral  plots  are  shifted  upwards  by 

4 dB,  they  still  fit  within  the  FCC  19311  mask. 

The  spectra  were  also  measured  at  the  radio  receiver  IF  output. 
Though  the  curves  still  fall  below  the  FCC  19311  mask,  the  side  lobes  are 
somewhat  stronger  than  those  measured  at  8 GHz.  This  is  probably  the 
result  of  limiting  due  to  overload  at  the  receiver  downconverter.  Tests 
were  run  with  maximum  signal  level  through  the  simulator.  The  spectral 
plots  at  the  receiver  IF  are  shown  in  Figures  61  and  62. 

4.2.2  BER  Versus  E./N^  Results 

JLlfl 

Bit  error  rate  tests  were  run  with  the  modem  as  received  from 
shipment.  No  attempt  was  made  to  realign  the  modem  to  optimize  its 

_9 

performance.  The  design  objective  was  a BER  of  5 x 10  or  less  at  an 
£. /N^  of  22  dB  over  the  LC8D  radio  in  the  2 B/Hz  mode.  Fcr  the  1 B/Hz 

DO 

mode,  the  objective  was  5 x 10"  at  an  Ej^/N^  of  16  dB.  These 
objectives  were  for  operation  without  the  randomizer  which  degrades 
performance  by  a factor  close  to  three.  The  BER  performance  was  measured 
in  a variety  of  configurations,  as  described  below.  Unless  otherwise 
noted,  measurements  were  made  with  noise  added  at  IF  as  with  the  in-plant 
tests  at  Harris  ESD.  This  gave  more  repeatable  results  than  the  radio 
noise  technique  described  in  the  Test  Plan.  Tests  with  radio  noise  were 
run,  however,  as  a check  on  the  validity  of  the  IF  noise  mcasurrment 
3chnique,  and  the  results  are  included  in  this  section. 

4 . 2 . 2 . 1 2 8/dz  Test  Results 

Baseline  performance  data  was  obtained  with  a 70  MHz 
back-to-back  test  with  additive  Gaussian  noise.  The  result  is  shown  in 
Figure  63.  The  test  was  run  with  the  randomizer  operating.  A BER  of 

5 X 10  was  achieved  at  an  Ej^/N^  of  21.1  dB.  This  represents  a 
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degradation  of  approximately  0.2  dB  from  that  meatured  during  the  In-plant 
tests  at  Harris  ESO.  This  la  dote  to  neaiurawant  accuracy  and  represents 
excellent  stability  through  shipping. 

The  second  tost  at  RAOC  nas  operation  through  the  LC80  radio  and 
simulator  without  the  FCC  19311  mavegulda  filter.  The  simulator  connected 
the  radio  back-to-bKk.  Thenaal  noise  was  added  to  the  radio  IF  output  for 
Ek/N.  calibration.  The  simulator  was  set  for  minimum  signal 
attenuation  and  the  modoa  randomiser  was  utilised.  An  external  data  source 
and  error  detector  were  used  for  convenience  In  measurement.  A BEP  of 
5 X 10'^  was  measured  at  an  of  21.5  dB.  The  complete  curve  Is 
shown  In  Figure  64. 

The  above  test  was  then  repeated  with  the  FCC  19311  waveguide 
filter  Installed  In  the  LCBO  radio  transmitter.  The  resulting  curve  Is 
shown  Irr  Figure  65  A BER  of  5 x 10*^  occurred  at  an  of  23.2  dB. 

The  ran^lscr  was  then  bypassed  so  that  the  results  could  be  compared  more 
easily  with  those  obtained  at  Harris  ESO  with  the  up/downconverter.  This 
curve  Is  shown  In  Figure  66.  A BER  of  5 x 10*^  was  measured  at  an 
Eu/R  of  23.2  dB  as  before.  The  factor  of  three  Improviaient  did  not 
materialize  due  to  error  In  measurement  repeatability.  This  Is  within  0.3  dB 
of  that  obtained  et  Harris  ESO  with  the  up/downconverter  (Figure  48). 

Figure  67  shows  the  BER  perfomance  with  randomizer  through  the 
radio  with  FCC  19311  filter  end  ABC  amplifier.  Comparison  with  Figure  65 
reveals  that  the  IF  ABC  amplifier  In  the  LCBO  degrades  performance  by 
approx liflately  0.6  dB  In  tha  vicinity  of  a 10*®  BER.  The  ABC  amplifier 
v«3  found  to  Introduce  additional  grotR)  delay  distortion  that  Is  a function 
of  amplifier  gain  (and,  hence,  receive  level).  Olstortlon  peaks  at  maximum 
recelvad  le^pl  (minimum  gain).  A plot  of  performance  with  the  ABC 
arg)l1f1er  but  without  **andnm1iir  Is  shown  In  Figure  68.  A BER  of 
0 X 10*^  waa  achieved  at  an  Ej^/R^  of  23.4  dB  without  groip  delay 
compensation.  This  It  1.4  dB  from  the  design  objKtIve. 

j 


s 


Figure  64.  BER-2  B/Hz,  LC8D  Radio,  Without  FCC 
Waveguide  Filter,  With  Randomizer 
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Figurt  6S.  BER-2  B/Hi,  LC80  Radio,  UUh  FCK193I1 
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An  «ttwpt  m*%  Mdv  tc  <<qiMltie  the  LC80  radio  at  IF  with  the 
FCC  14)11  wavwfuitft  fiUar  and  MC  andlifler  tnO^ned.  A plot  uf 
flipliiiMtr  rr%pan%e  «mI  ^o<4>  delay  e<|iialtfatiuf«  is  shown  in  Figure 

p 

id.  A stngle  sect  ion  of  group  delay  eguall/at  ton  «•«/?!>  ns/HH? 
parabolic  I provided  cwsiderablo  Inprovant  at  can  be  teen  in  Figure  70. 

Kl  pcrfomancr  «tth  this  e^lieatian  It  thown  in  Figure  71.  A BCR  of 
S * I0‘^  was  waswred  at  an  of  ??.$  dB.  this  is  only  0.6 

Iron  the  design  goal  and  i epretentt  an  inprovnaent  of  1.0  dB  over  the 
j-rtiif*  T-"  radio  (Ftfure  67).  Bptc  that  the  data  in  Figure  71  was 

a*!!!  rwwfaaii.'T  Tiw  design  ahi»  t «e  with  randoeiier  becMes 
l.S  » lii‘*  BCI  at  an  £^/R^  of  ??  di.  this  bit  error  raU  was 
achieved  at  m of  n.^  di.  Thus,  pcrfemance  with  the  equalised 

radio  is  essentially  wtthia  0.7  di  o*  the  desigh  objective. 

Further  attOHpts  to  iopron  the  equal  teat  ion  did  not  ioprove  BCR 
perfvwpnre  significantly.  Opt«nn»  groi#  delay  and  aupiiiude  response  were 
achieved  with  the  folluwtng  eqaaliaa'ian  sections; 

(1)  A/»  ns/(hilr)^  parabolic  group  delay 

(?'  •B/IO  n%mu  *i<w  fre«9  delay 

())  «0.7  di/IBC  «plitwde 

(4)  «0.l  mmu  aupSitwde 

As  a choca  o tne  tett  set  wbieh  added  Bowsstan  no*te  at  IF,  lir> 
cur^s  were  run  using  ihr  none  coning  fron  the  radio  ilseH  and 
altenuat^ng  the  received  powr  level  in  the  sinwiator  ta  adjust 
Calibration  was  aenieve**  by  ceaswriag  radio  nolle  alone  and  then  tnc<eesing 
signal  pcwer  iwil*l  lhai  ’evel  increased  by  ) di*  t^s  setting  thv  0 ft  S/h 
point.  Corrections  were  tnuw  wade  to  drterwine  bas«d  an  the 

noise  filter  banduidth.  Cattbratina  by  thus  neOatt  was  f^end  to  be  less 
repeatable  than  with  the  IF  unt  set  and  was  prgNbly  accurate  ’••ly  to 
within  40.5  db.  Figure  7?  shews  results  with  raiio  uniie  ahd  vne^ialiyed 
radio.  Figure  73  shows  results  w*tn  rad*o  nois-r  «n  the  #aa*aiiyed  radio. 

Polh  Curves  shows  a BCR  of  S i 16  ^ at  w»  ^ 

gain  Is  shown  using  eoualiyalion  bwt  this  is  a result  0 caiibra*. ion  error 
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Figure  69.  /ijnplitude  Response  and  Group  Delay  of  LC8D  With 
FCC  19311  Filter,  Without  Equalization 
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Figure  72.  BER-2  B/Hz,  LC8D  Radio,  With  FCC  19311  Wive 
Filter,  AGC  Amplifier,  Randomizer,  ard  Radio  Noise 


using  this  technique.  However,  results  do  compare  within  measurement 
accuracy  to  those  obtained  with  IF  no1se»  demonstrating  the  validity  of  the 
measurement  technique. 

4. 2. 2. 2 1 B/Hz  Results 

The  1 B/Hz  back-to-back  performance  as  measured  with  additive  IF 

_Q 

noise  Is  depicted  In  Figure  74.  A 5 x 10  BER  was  measured  with 
randomizer  at  an  of  15.9  dB.  Through  the  radio  without  FCC  19311 

filtering,  this  BER  occurred  at  an  Ejj/Nq  of  16  dB  as  seen  In  Figure 
75.  The  addition  of  the  FCC  19311  waveguide  filter  degraded  perfo«*mance  by 
approximately  0.4  dB  as  shown  in  Figure  76.  The  curve  measured  through  the 
radio  and  filter  but  without  randomizer  Is  shown  In  figure  77.  A BER  of 
5 X 10"®  was  achieved  at  an  E^/N^^  of  15.9  dB.  This  Is  slightly 
better  than  the  design  objective. 

The  addition  of  the  70  MHz  IF  A6C  amplifier  In  the  Phllco  Ford 
LC8D  had  little  effect  on  performance.  The  shift  In  the  curves  could  be 
attributed  to  variations  In  measurement.  Figure  78  shows  the  measured  data 
with  randomizer  and  Figure  79  without.  Performance  with  randomizer 
actually  measures  slightly  better  (approximately  0.1  dB)  with  AGC  than 
without.  The  data  for  the  two  cases  were  taken  on  different  days,  however, 
and  this  can  easily  acccount  for  the  apparent  discrepancy.  Performance 
without  the  randomizer  measures  approximately  0.25  dB  worse  with  AGC  than 
without  (Figures  79  and  77  respectively).  As  these  two  sets  of  data  were 
taken  the  same  day,  they  are  probably  Im icative  of  the  actual  degradation 
caused  by  the  AGC.  Without  randomizer  but  with  19311  filtering  and  Af^,  a 
BER  of  5 X 10  was  measured  at  an  Ej^/N^  of  16.2  dB. 

2 

The  4/25  ns/MHz  parabolic  group  delay  equalijation  that 
gained  approximately  1.0  dB  in  2 B/Hz  BER  performance  had  little  effect  on 
1 B/Hz  BER  performance.  A plot  of  data  taken  through  tip  eiualized  radio 
with  AGC  and  randomizer  is  shown  in  Figure  80.  A BER  ofls  x 10"® 
occurred  at  an  E^j/N^^  of  16.3  dB.  If  one  assumes  a degrawtion  of  a 
factor  of  three  for  the  randomizer,  the  design  objective  Becomes 
1.5  X 10"®  at  16  dB.  Figure  80  shows  that  this  Is  narrowly  li|t. 
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Tiqure  75.  Bk;R-l  B/Hz,  LCSD  Padio,  WUhoul  FCC  3.93, ;i  l^veguide 

Filler.  With  Randomizer 


Figure  77.  BER-1  B/Hz.  LC8D  Radio,  With  FCC  19311  Wavkuide 
. Filter,  Without  Randomizer  T 
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Figure  79.  3ER-1  B/Hz,  LC8D  Radio,  With  FCC  19311  Waveguide 

Filter,  and  AGC  Amplifier,  Without  Randomizer  1 
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Tett«  *»ere  «Uo  run  rji;l1w»  as  described  in  the 

previous  paragraph.  Figure  81  shows  operation  with  an  unequal  1 zed  radio 

but  with  FCC  19311  filter^  AGC,  and  randomizer.  Figure  82  shows  operation 

2 

under  the  same  conditions,  but  with  4/25  ns/MHz  parabolic  group  delay 
compensation.  Performance  appears  to  be  better  without  equalization,  but 
the  difficulty  In  achieving  repeatable  measurements  with  this  technique  can 
easily  account  for  apparent  discrepancy.  Both  curves,  however,  show 

_Q 

perforinonce  exceeding  the  design  objecive  of  a 5 x 10  ' BER  at  an 
^b'^^o  ^ though  the  randomizer  was  included  when  the  data 

«as  t«ken. 
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Figure  81.  BER-1  B/Hz,  LC80  Radio,  With  FCC  1^1  Waveguide 
Filter,  AGC  Amplifier,  Randomizer,  and  Radl\ Noise 
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Figure  82.  BER-1  B/Hz.  LC80  Radio.  With  FCC  19311  Mii(»gu1de 

Filter,  AQC  Aaplifier,  Randoaizer,  4/25  ns/MHz?  y 
Parabolic  Equalization  With  Radio  floite  \ 
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SECTION  b.O 
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CONCLUSIONS 


A practical  experimental  modem  suitable  for  actual  installation 
in  hard-limiting  line-of-sight  microwave  radio  was  constructed  and 
successfully  tested.  The  operational  limitations  evident  in  the  previously 
constructed  breadboard  (see  RADC-TR-76-117)  have  been  eliminated. 
Performance  is  stable  with  time  and  rough  handling.  The  additional 
features  of  an  input  multiplexer,  data  randomization,  dual  B/Hz  capability, 
and  compliance  with  FCC  Docket  19311  have  been  included  with  only  a slight 
degradation  in  bit  error  rate  performance. 

Total  compliance  with  the  spectral  requirements  of  FCC  Docket 
19311  has  been  shown.  The  acquisition  design  objective  of  20  ns  for  a 
20  kHz  IF  frequency  offset  was  met.  The  design  objective  of  a bit  error 

_Q 

rate  of  5 x 10  or  less  at  an  Ej^/N^  of  16  dB  when  operating  through 
the  Philco  Ford  LC8D  radio  for  a nominal  1 B/Hz  spectral  efficiencv  has 
been  met  within  measurement  accuracy.  The  randomizer/derandomizer  has  been 
shown  not  to  degrade  BER  by  more  than  a factor  of  three.  Performance  for  a 
nominal  2 B/Hz  spectra!  efficiency  when  operating  through  the  LC9D  radio 

_g 

misses  the  design  objective  of  a bit  error  rate  of  5 x 10  at  an 
Efa/No  of  22  dB  by  less  than  0.6  dB  with  randomizer.  Allowing  for  a 
factor  of  three  improvement  without  randomizer,  the  design  goal  was  missed 
by  approximately  0.2  dB. 
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FCC  DOCKET  19311  SPECTRAL  EFFICIENCY 


The  original  goal  on  the  previous  breadboard  unit  was  to  provide 
a 2 B/Hz  99  percent  spectral  occupancy  modem  providing  10”^  error  rate  at 
Ej^/Nq  = 20  dB  and  this  goal  was  achieved.  FCC  Docket  19311  employed  in 
this  study  embodies  a more  stringent  requirement  on  the  radiated  spectrum 
than  simply  99  percent  bandwidth  spectral  occupancy  for  digital  signalling. 

The  FCC  Docket  19311  requirement  on  digital  modulation 
techniques  is  stated  thus: 

"For  operating  frequencies  below  15  GHz,  in  any  4 kHz  band,  the 
center  frequency  of  which  is  removed  from  the  assigned  frequency 
by  50  percent  or  more  of  the  authorized  bandwidth:  As  specified 
by  the  following  equation  but  in  no  event  less  than  50  decibels. 

A = 35  + 0.8  (P-50)  + 10  logjQB 

(Attenuation  greater  than  80  decibels  is  not  required.) 

Where:  A = attenuation  (in  decibels)  below  mean  output  power  level 

P * percent  removed  from  the  carrier  frequency 
B = authorized  bandwidth  in  MHz." 


Figure  A-1  and  A-2  show  the  implications  of  the  19311 
requirement  for  the  4-ary  signalling  schemes  of  interest  to  Broadband  Modem 
II  for  nominal  1 B/Hz  operation  and  2 B/Hz  operation  respectively.  Both 
these  signalling  schemes  assume  a 14  MHz  authorized  bandwidth.  The  mod- 
index  0.125  signal  actually  has  99  percent  spectral  occupancy  cf  2.04  B/Hz 
and  the  mod-index  0.25  has  99  percent  bandwidth  1.28  B/Hl.  As  can  be  seen, 
the  mod-index  0.125  signal  has  up  to  an  18  dB  problem  ir|the  spectrum  side 
lobes  relative  to  the  19311  requirement  and  the  0.25  signal  has  a 15  dB 
problem.  I 

The  study  requirement  wus  to  find  the  most  ef^cient  means  of 
reduc'ng  these  side  lobes  to  meet  19311.  Two  techniques  weite  investigated; 
IF  filtering  and  RF  Waveguide  filtering  (see  Paragraph  2.3.1  % body  of 
report) . 
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Figure  A-1.  CoMparfson  of  Mod  Index  0.25  Figure  A-2.  Comparison  of  Mod  Index  0.125 

4-ary  FSK  Speclrum  with  19311  Requirement  4_ary  FSK  Spectrum  with  19311  Requirement 
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COMPUTER  SIMULATION  PROGRAM  FOR  BROADBAND  MODEM  II 
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COMPUTER  SIMULATION  PROGRAM  FOR  BROADBAND  MODEM  1 1 


A FORTRAN  computer  prograof  Mas  Mritlen  to  evaluate  various 
filtering  approaches  considered  In  the  study  phase  of  this  program.  The 
computer  program  evaluates  the  approaches'  spectra  as  well  as  the 
performance  with  the  demodulator  algorithm  developed  on  the  prior  Broadband 
Modem  contract. 


Figure  B-1  shows  the  system  setup  the  computer  program  can 
handle.  Any  mod-index  4-ary  FSK  signal  can  be  handled.  The  frequency 
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Figure  B-1.  Situation  That  Computer  Program  Can  Handle 

divide-by-n  block  was  Included  In  order  to  evaluate  approaches  to  FCC 
Docket  19311  compliance  through  filtering  mod-index  1 signals  and  then 
d1v1de-by-8  to  produce  mod-index  1/8  2 B/Hz  signals.  Ns  significant 
advantage  was  found  for  this  approach  and  It  was  dlscarled  early  In  the 
study. 


compute  the  transform  of  the  sequence.  This  transform  Is  filtered  by 
(which  models  any  radio  IF  filters  as  well  as  any  IF  spectral  shaping 
filters)  to  yield  the  transform  of  the  signal  at  point  (2).  An  inverse  FFT 
yields  time  samples  of  the  signal  at  (2).  These  samples  are  hard-limited 
to  provide  time  samples  uf  the  signals  at  point  (3).  The  phases  are 
divided-by-n  (if  necessary)  to  yield  time  samples  of  the  signal  at  point 
(4).  Again,  an  FFT  is  performed  on  these  samples  to  yield  to  Fourier 
transform  of  the  signal  at  (4).  The  magnitude  squared  of  this  FFT  is 
averaged  over  many  sequences  if  IF  filtering  approach  signal  spectrum  is 
desired.  If  a waveguide  filter  is  included  the  FFT  (4)  is  filtered  by  H2 
to  yield  Fourier  transform  of  the  signal  at  (5).  Again,  if  spectrum  at 
this  point  is  desired,  magnitude  squared  of  the  FFT  at  point  (5)  is 
averaged  over  many  sequences.  If  not,  the  FFT  at  (5)  is  further  filtered 
by  H , the  demod  filter  to  yield  Fourier  transform  of  signal  at  point  (6). 
This  FFT  is  inverse  transformed  to  yield  time  samples  of  the  signal  at 
(6).  From  these  time  samples  the  phase  measurements  that  would  be  made  by 
the  demodulator  are  computed  and  these  phases  are  fed  to  a separate  program 
routine  for  computing  average  'yinbol  error  rate  for  the  sequence.  The 
noise  is  modelled  anal,/t  knowing  and  effective  noise 

bandwidth  of  the  receive  filter,  - as  opposed  to  Monte  Carlo 
simulation. 


This  computer  program  was  used  to  generate  most  of  the  results 
reported  for  Broadband  Modem  II.  A of  the  program  follows. 
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rTCaOTT.I  NFT 
IFClCt'l’.’.EQ.l)  MFTxl 
*RITE(A,902I  "IFT 
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r 

c L^Tf*  FRCQ.  OlVlOC  rnCTOR 
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LZ^POTE  YHI'  FILTER  FREO.  RESPONSE 
aUTEIGiSOSI 

NON  F1RNATI//,«0ATA  FOR  rMANS>NIT  FILTER  FOL  0W“» 
jLTAFai./NSY" 

CALL  TF«MI,PLTAF.MT| 


ncao  -li'*ii"  «i  IF  HARO  li*itcr  aftc*  t anspit  filter 

AEACIT.I  LI^IT 
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iFiLlNM.  .L.ll  hhITE«G«91S> 

Rl2  FON«AT«.»^t»HARO  lINITER  AFTER  *NIT  FIlT  R*I 
»13  F1R"ATl//t-N0  limiter  AFTER  «RIT  FILTER  » 

CT«PoTC  RFCEIWC  filter  FncO.  RCSPONSr 

•TITClG.SlOl 

«tO  FONNATI. /.-data  for  oECEIVC  FILTER  F*»LL 
CALL  TFlM.OLTAFtHRI 

C CO*PUTC  NAISCO  alNOQiilNG  FUNCTION 
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COMPUTE  NOHMALiZiriG  FACTOR  FOR  WIHOOW 

FNORMbO, 

OO  60  Isl,r4X 

60  FN0RI«lsFN0Rli'«'(UFN(  1 ) )««2 

ZERO  SPECTRUM  AVGING,  ARRAY 

t)0  12  X = ’.  NX 
12  ASPECdlsO 

READ  TIMr.G  DELTA  IN  SYMBOL  TIMES 

READ(7.i  OT 
RRI’E*6.91H  OT 

911  FORMAT (,  ''TIMING  DELTA  IN  SYMBOL  TIMES*  .F10.4> 

HEAD  XMIT  FREOUENCY  DETUNING  IN  SYMBOL  ATCS 

RCA0(7«I  DETUNE 
WRITE(6.91«H  DETUNE 

914  FORMAT!//,"  XNITTER  nETUNING  IN  SYMBOL  ATES»" .FIO.S) 

STAR!  AVGIMG  LOOP  ON  XFRHS 

UO  10  Lal.NFT 
THETAaTHI 

start  loop  ON  SYMBOLS 

UO  2 Jsl.NSYN 
IFdeSM.NE.l)  CO  TO  S02 

SHIFT  6-3IT  PM  REGISTER  TWICE  FOR  4-ARY  SYMBOL 
DO  1 1«1,2 

lliIREG/3a  

12sMOO(IRCG,2) 
imi'da 
IlsM00(Ii,2> 
lREG«a*IREG4ll 
IF(IRC6.GT.63)  tRCG«lRCG-64 
1 CONTINUE 
5nl  GO  TO  503 
502  CONTINUE 

shift  15-RIT  PN  REG,  TWICE  FOR  4-ARY  SY  BCL 
DO  500  1*1,2 

N2*IA0S(IRE6/16384-IRC642*(lRCG/2n 

1RCG*2«IREG'»N2 
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fi  ct»tin»cs»tn.*HTii» 
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100  CONTINUE 
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111  CONTINUE 
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C 

r T^Pt 1 1 «CSMP m nUPNI 1 1 
C 
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«0  CONTINUE 
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c 

c 

c PKTCN  N/  Ncetxvc  ruTCR 
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j'i  70  lAl.HI 
ci^PittACSfTPin/Nn 
70  CN*P4tl«C$l»PIII«HNII| 
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c 
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.•<0  CONTINUE 
91  CONTINUE 

riKE  FFT  of  blMOOwEO  TIME  SAPPLCS 
FKOK  X»*1T  i-lUTER  OUTPUT 

C1LL  FOUKacrSiP.MX.l.-l)  . 

ACCU'IULATC  fcuhier  tpamsforh  squared 

00  13  Isl.NX 

11  ASPEC ( I ) S A^PEC ( 1 > + < C AOS ( TSNPt 1 1 1 )**2 


END  LOOP  ON  FFTiS 

IF  Itian  EQUALS  1 CALL  ROUTINE  FOR  CO«PU  INS  SYRROL 
L0HOt<  RATE  FOR  THIS  SEQUENCE 

IF(I0RP.NE.1I  50  TO  10 
CiLL  3PMSEH(SER» 

I?’  CONTINUE 

r<tAO  OEOIM.ENO.  increment 
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SUBROUTINE  TF(NX*0CTAF.H» 

C 

c this  SUBB.  computes  filter  TRANE.  rCN  GIVEN  POLES, EEROS 

C 

COMPLEX  P(40 ) ,2( AO) . taUG ,PP ,P2«H) 51? ) 

Pts3.14l5926S 

C 

c HEAD  NO.  pules,  no.  2EK0S 

c 

«EA0(7,)  NP,N2 
j<*<ITEib,900)  HP.NZ 

900  FORMAT!''  NO.  POLE? -« , 14, “NO.  ZEROS  ='',1  > 

C 

c kEAO  bandwidth  MJLT.  factor  FOR  POLES  S ZEROS 
C 

KEA0(7,)  ew 
wRITE<6,901)  PW 

901  FORMAT!"  8AMC  .IDTH  MtjLT.  FACTOR  FOR  ROL  S 3 ZEROS  s",F10.3) 
C 

XF!NP.EQ.O)  GC  VO  30 
C 

c READ  COMPLEX  POLES  _ ____ 

c 

wRITE!6.902) 

902  FORMAT!"  COMPLEX  POLES  FOLLOW  I REAL.IM  G,") 

ijo  1 n=i;np  ' 

KEA0!7,)  P!(!) 

►'(N|=9W*P!N)  _ _ _ 

wRITE!6,)  P!N!  

1 CONTINUE 
30  CONTtiMUE 

IFINZ.EQ.O)  60  TO  4U 
C 

c head  COMPLEXCZEROS  _ _ _ 

c 

WR1TE!6,903) 

903  FORMAT!"  COMPLEX  ZEROS  FOLLM  : REALiIM_G, " 

UO  2 N=1,NZ  ' 

KEAO!7,!  Z!rj) 

Z!N)sbu«Z!N) 

»RITE!6,)  Z!N) 

2 CONTINUE 
40  CONTINUE 

C 

C HEAD  UNITY  GAIN  FREQ. 

C 

HEAD!7,)  WGl  

wRITE!6,904)  WGl 

904  FORMAT!"  UNITY  GAIN  FREQ.  =",F10.3)  _ 

■ - wUGsCMPLX!0.’,14Gl)  ' --  - 

C 

C HEAD  aw  OVER  WHICH  GROUP  DELAY  IS  TO  BE  AVGO.  TO  YIELD 

C TIME  OELAY  FOR  THIS  FILTER 
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r'ZsC  ’.PLX(1..0.) 
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J't  3 N31..IP 

3 H^=PH*(hU6-PIHI I 

4 C'‘jTIMUE 
i'(.j2.e..O)  GO  TO  6 

5  Hsl.J.Z 
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u,UG=GAl*l  -T  OEStGNATEO  FREQ. 

CT^PUTf  H(W)  AT  APPROPRIATE  FREQS. 
rtLSO  REMOVE  DELAY  THRU  FILTER 

HeF=396U/DLTAF 

I'ltHEF.EC.O)  IHEFsl  _ _ 

PHIOOTSO 
« 1 TE  ( 6 1 Z 0 0 ) 
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<1  :Xz  iX/2 
,'T  I -.=  1.:;* 
rt.iSf) 

t-  sA’./AI'X-l  . 

P si  4' 

F*"r.Ti«uu«T(rj 
1 ^Frj(..‘>=ai  (F.o.oon 

METU**'! 

1. 1 1' 
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IBIS  FJM  l4  BIST.aiUALITY  PRACTlCABIiB 
^ lODD.C  - 


26  hf:  77  13.111671  FftGC 

*•■  l‘.Cri'Vi  u (Y.ACC) 

<:  = «Y/2.  )*•;£ 
iSt  . 

1=1. 

!•(  : = t*i 

h-£/i !.*2> 

T*T*K 

Ssl+r 

IFM!-. 99123. 2f5«l!i 

'.SaS-ACC-^*iv/(l  ,-lt) 

1P(:»SI  I'j.  • . j!) 

3.1  -IT  as 

•<7T(IK'I  ■■  

t-'.r 


I 


muHmuwmfmLtnmenoutA 

ynm^anrmttaimToiiBa 


28  77  tJ. 111873  8A8C 

S'JtJROUTItlE  F0UH2inATA.t;H.?IDI’'.  IS1C>'I 
c r^e  COOtET-TimET  FAST  F0JH1E8  TFAriSF3**»  IN  USASI  8AS1C  FfjNTAAN 

JI^ENSION  nATA(2a4«|  ,riN(S» 

I'^OPlsb. 2831633070 
IF«i40I''<-1I700«1*1 

1 jTOTaz 

0)  2 1DE»»=I.N0I*' 

IFINNt  ICE:8|  |7ao«700.2 

2 i4TOTaNTOT«NN<  tor’ll 

C 8AXN  LOOP  FOP  EACH  OIHENStON 

'JP1«2 

OU  AOO  XDEMsl.Nnl'* 

«sNNanEN» 

.<M2a.<Pl*N 
iF(N-i  )7Qn««.oo«ioa 

c SHUFFLE  OATA  lY  dtT  AC^E^SALt  Sl'JCC  'ts2  •« , AS  TmE  ShuFFlPJS 

C CAN  ^E  COflE  BY  I'JTeRCHA-^GC.  HO  dCRMtVG  PRAY  IS  HEEDEO 

130  HP2HFSMP2/2 
jal 

J'3  180  12cltHP2«HPl 

IF  (j-i2>  iio.iao.isn 

110  IlPA*aI2*HP’-2 

O'l  120  llal2.'il'*AX,2 
00  120  I3sll.MT0r.HP2 
J3aU4>t3-X2 

TE''PR*3ATA(X3)  - . . 

TE?»PXanATA(  I3*U 

OATA(lStsOATA(jSt 

0ATA(X34'1Is0ATAIJ3«1) 

0ATA(j3lsrCHPR 
120  3ATA( J3*l)sTEHPX 
130  ?AaNP2HF 
140  IF(J«Htl80. 180.190 
190  dsJ-A 
■7SP/2 

lF<H-NPlUbO. 140.1*0 
180  JaU+l 

c ■ length  two  XF  HEETXOOUE  PACTOR'HsCXPffS  GM*2*PX* 
c AHO  repeat  FQHTI'-I  l•CO^JUGATe«WI  . 

HPlTw*MPl4NPl 

iparsn 

31C  lF(XMAR-2l390.3S0.32n 
320  IPARsXPAR/* 

GO  TO  310 

330  00  3*0  Ilsl.r4P1.2 

00  340  Rlsll.MTOT.MPlTW 

K2aKl*NPl 

TE4PR*0ATA<42» 

TEPPXaOATA(K2*ll  _ 

OATAXK24aOATAIKl)-TC4PH 
OATA(K24llaOATA4KlvH-TEf'PX 
JATA(t<l»aOATA«Kll>TE4PP 
340  JSTA«Hl+l)sDATA(Kl*lltTE4Pt 
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•*1  tAm  Xt  RST  QUALtTT  hulcticabli 

^ TWm  imrrtixf  iiiiii  lo jjdo  _ 


t-ca  T7  13.111*^7)  ^IkBt  a 

390 

9»0  iFr;««k.ilP2MP  I 570«f'no.a00 
970  ( 

IF  (’**<A'(«.iPl  lb.  *<> 

3n0  T .s-T  ,.M  ! .FL''*T  t.:.  I ; , ^tOAT I «•  XF Ak  I 
IF  ( I w I 4 1 • V‘0.  *‘tO 

3.,-  iMrTAs.lHfT 
HflO  ^.<sCOi|  Itir.T  \ 

4ttSlP(Tl«CTAI 
4STPHs-a.*ltt««l 
«*iTPi*a.*wH«yi 
•1(19  JT  570  Ls;Pl,l.'*Ak,:iPlTy 
i«L 

1*  M^Ak-fiPl)  H7U.HaO.ylO 
Hiu  (ayt  ■ 

H30  yO  1 J I U*A  '1.? 

IF  I -HiVk-..!’,  I .30.H3J.HH0 
HIO  H' 

HHO  .<T!r»IPAH«F-H»k 
H90  H9TC.*»H*KOtF 

00  sao  hi«k'>I’i.ntot,jstep  _ 

H7«n1«kcIF 

01' 

HHSy 

1-  »HPAk-nPi»  Hto.H«o«Heo 
H«0  JlRsOATAtPlI^aATAIMat 

alt*OATA«Pl4H*V.  rA(P>4ll 
jaPsOATA(43l«nATA<yHI 
UatsOATA<K3.;  l♦nATA|l<HHll 
u9;>sOATAikii  •UAfAi^ai 

’C  > t 1;  . . *.-.75 

(.»>,  JHMbOATAIKO.I  ••CATAlHHHl'  _ _ 

JH|sOATA(KH|-OATA|Ii3I 
TO  910 

HT9  tJHH«0ATA|K4*l  I-CATA(H3h1I 

jHlaQATAtKlcnATAIHHI 
TO  910 

l7Ms42R<OATAIK2|«w2I«QATA|ya*l) 

T3|SHaR«0ATaiK2«l l«Hai«OATA(Kai 

r «Ps«i(*OATA|H  91 'H  1*0 ATM 49.lt 

r3Ts«H«UATA|9  9«ll4h:I*0ATAt99i 

rHMad3A«0ATA|HH|..S|«0ATA(yH4l i 

1 4taj9A«QATA(9H«ll*j3I*0ATA«KHI 

OlHaoATA(Kll«T2P 

U1IbOATA(91«1 1.721 

glHal SN.ThH 

J’Iar3I.THl 

OlPaJATAIKlI^raR 


no  n 


1 


If  nn  QtttLxiT  fMcncMWi 


26  Fca  77  IJ.llliTS  pah 

Ul!»0ATA(Kl4.l)-T2I 
IP  (ISISNt  i»90*50f'»500 
490  (J'»R»T3I*Tm 

jO  TO  510 
500  J4R=T4I.T31 
U4laT3R»T4R 
510  JATA(K1»=U1R»U2R 
|JATA(K1*1  )8U1UU2I 
0ATA(K2).iU3R'*''J4H 
l1ATA(K2  + 1)sIJ3UU41 
J4TA(K31=U1H-IJ2R 
ij\TA(K3*l)sUlI-U2I 
j4TA(K4»sU3H-IJU« 

5?0  0ATA<K4*1)sUJI-J4I 

k'JIFsKSTEP 

IP  (KOIF-UP2)  45Q«S3Q«S30 
S30  CONTINUE 
.•laMMAX-M 

IP  ( ISIGN)340,SS0.530 
540  TEPPRahR 

wla-TEMPH 
liO  TO  560 

650  TE>PR='wR * 

^7341 

JiaTEMPR 

550  IF  ('1-Uf'AX)  565.365»4l0 
555  TCf*PRsWR 

MRaWKaliiSTPR-UlaUSTPl't'^tR 
570  »iIawI*ySTPR>TE'*PRawSTPl4WI 
lRa3«IPAH 
• .AX«i4MAX4rtMAX 
uO  TO  360  ■ 

E'JO  OF  LOOP  OVER  EACH  OI^EflSION 

600  NHlrNP2 
700  rtETUKN 
lNO 
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ottALin  nucncAiui 
nm  oon  ruaMs«»  luwc 


t*  ^c*  fy  is.iti*T9  »«cc  1 

»up*ouTric 

•jin'iiio  I '•o«cii*i*Luiifti*tCNaitkiii  iTi  fti.iCMftnttk 
I'ltCM*  Trit*i 

ri»c*c» 

»' *0  sflkfci 
ui*ciitiaH  Anpifc«i 
CJ^'iou  ST*fi.>‘>iOO«..' 

mil 

Lt^«l|0«  »>i.C1(t1l 
Jl-C*.t|OS  fcf¥CLIl»« 

c 

c <«'*0  MCVM  I'lLTC*  'toisc  tlB  IN  aiT 

i<rtOi7«l  NritS 

«cw<«.  riLr:<<  noise  sn  In  nit  n rrss-.fio.si 
c 

c NiAo  c»/iio  in  ON 
c 

•ICAOlT.t  C*««0 
ANITeiS«<*«il  ClINO 
9«1  NONNATl*  Ca/'Nt  !'<  0«  ■••FtO.Sl 

c 

r.  CONNC*?  S/N  NATTO  OUT  ON  NCW 

c 

S-'M  ■ ( I « . • • 1 0 . 1 •COM)  1 1 /HF NS 
C 

c (.7*NuTC  '^ISC*C«U«CO  NmABC  JITTCN  IN  OC  S.  HNS 

C 

Ng|T*l$0*i»«l./l».*S».<  • I 
N4IUUt9«»l  Njir 

9«<  fJONATi-  'WiiSC  CAJSCr  J|TTC»  IN  0 »$.  llNSa»«ritt.SI 

C 

c -t*r  tocN-ciusro  stsicnaiic  jittcn  i-  c «s,  nns 

c 

•<c«o<7>i 

•4|TC<4««f5l  Swl7 

lOS  NoaNATl-  kOON«C*JSCC  ^ITTCN  IN  OCOS.  NN  s*. NIC. 51 

C 

C CI^NOTt  TOTAL  NNS  NmaU  JITTtN  IN 

C 

rj|TA5e»T|Pj|T««3*54:T»«tl 

•'«trci4«90ii  t^it 

NON  FONNATi-  TOTAL  "NS  NmASC  JITTC*  Ik  DfftS  NNSa^triO.Si 

c acao  tmncsikn.0  s moc  snacins  in  ocsncc 
c 

NC40(T,|  tm.SNn 
«NITtl4*N«9l  Th«SNI. 

NOS  f3ii***r(-  Tt«ics*40«.3  snacin«  in  i)css.s»«e  e.9*>Neac  s^ociNGa-.ric.si 
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n n n onnnn  nnnor» 


ipxs  nkfli  xs  ifst  QUALXR  nuLsmoiil 
wm  qow  |!WpiitynivTft  w 
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C COMPUTE  location  OP  EACH  THRESHOLD 

T«H«-SPtJ/2.«2.*TH 
TI2>»-SPH/2.>Th 
TIKs-SPn/z. 

T(<t)s-SPN/2.>TH 
T«5)«-SPN/2.*2.*TH 
r«6)«SPN/2.-2.*TH 
T(7»sSPN/2.-TH 
T(8)3SPN/2. 
n9»aSPN/2.*TH 
TtlO»=SPN/2,*2,«TH 

nCao  no,  of  Phases  to  de  qisrfgaioed  om  each  end  of  set 

CO^POTEO  37  FFT  ROUTJNE  < THIS  IS  TO  AV  10  TRANSIENTS* 


KCA0(7.)  NOtS 
MHITC(6,9Qb)  NOIS 

906  FORiSATC  NO.  OF  PHASES  FHOH  ENOS  OF  FFT  SEQ.  0ISRE6ARDED>" » 14 ) 
COPPUTE  TOTAL  NO.  OF  PHASES  LEFT  TO  3E  OMSIOERED 
HSaNSTS-2*M0IS 

KEARHANGE  SEGUENCE  OISREGAROING  CNHS 
4TITE(6.907) 

997  FORMAT*"  STHBOL.OEGS.  ERROR  TO  NODE  IN  EQ.  USED  GET  SER  FOLLOi^«> 
JO  1 lal.NS 
lXsl«NOlS 

PMOOe(I»sPNOOE(lX> 

S7PP<X»aSTM0(IX» 

rt.iPajsAMPCXJ 
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CALCULATE  PROH.  OF  EACH  OF  11  REGIONS  F R EACH  STPBOL 

JO  2 Nsl.NS 

V3(T( 1 »-PNOOE(MI )/TJIT 

V3AHP(N|*V 

IMM,U=l.-a<V» 

7a(TaO»-PNOOE«N)  )/TjrT 
VaAPP(M»*v 
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VUa( T(L)-PNOOE(N) >/TJlT 
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VLa(T(Lll-PNOOE(Nr>/TgiT 
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3 P(N.L|3QIVL)>0( VU) 

2 CONTINUE 
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r«a*wi<  »•»«  n.k  I 

'iO  TO  1 

..«aaa^ir*t 

••«J«>»tT»«TIT 
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1*1  icC.;. lie. •l.tvO.tLCV.LT. lilt  xavtljl* 
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j1 *w»l 
jST"«-.PCf  »J 

I*IJI«ST-B< JSr»l*-0/t  t Jl-*0VC« Jll 

a ul'Ti-ioc 
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rlwST  P»ss.  U»*‘»C‘»/L0.  CP  CLCtStOri.  CH«Nr,  •INO  1ITS 

23  jai.'iT] 

Jlaj-1 

kUI J2IbO 

lC»>6IJ2t«q 

i.C'««lCVCLIJ1I 

1*1  •L{:v.cq.ii>.o«.iLCv.c3.4i.o«*<Lrv.ca  in  60  to  29 

iT««rrf ji.TPtJii 
l•('•3vC<.'ll.ca.0l  LCO*»«»«|T» 
lci*9«r(jii.Ci},|.|ll  LCO’tPaS^IT'* 

1*«L':v...T.lC0^I  La(j2|al 

I*<LC*.£4.lC0’»»I 

w^sl: 

l*«Lti«.H..v«  Kn&(42l«l 
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L ?■  |C*^«L0C  n IL1C2 1 
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vlaL<iCLXl  I 

L .’iS'aLl 
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*..cti%inr  PASACS  pqllo* 
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UOUO 


' BIST  QlMIlirr  FfULCTICAILB 

■ *'^Wb4b(»'t'#UR2ttSH»IOI«P  - 


96  77  14.1X1673  PfttC  9 

TO  29 
?.b  J?aj*2 

MLTftsLU(  Jt«LiJ(  J2).l 
L'jTUtatUI  Jll 
ICHCn  JIBICMGI  Jl> 

in  (LUTIJ)  .CQ.Ok.AMO.dOLTA.CQ.t-l)  ) I L T(J)«1 
IFI  (LUTtJI  .t'^.XI  .AMO.dOLTA.tO.Xn  C JT  I )a0 
tb  CONTINUE 

JO  27  Jal.NOIN 
uUlJlaLUTt J) 

27  lCHr,(J)clCHar< J) 

2A  continue 

FINAL  FRCOUENCY  PECISION  FOLLO.iS 

31  l'<FaNRCF*N0P»2 
ITaR3NOP*2 

KF  = TFdTFR»*LU«2)«LUd> 

1F»FF.ST,3»  FFr3 
1F(FF.LT,0)  FFaO 
ISHEFaSYMBdRFl 
lERROrtaO 

iF^FF.Dt.loHEF J lERRORrl 

AT  THIS  POINT  ••TERROR"  aO  IF  MO  ERROR  F R ISOLATED  SCQUCMCE 
"lERROR"  al  IF  A FREOUENC  ERROR  IS  RAOC 

IFdCRROR.EO.ll  SCRaSER*TP 

END  OF  DECODE  ROUTINE 


32  CONTINUE 
ISOalSO+l 
jREFaNTO 

9 LEVEL(JREF)sLEVEL( JHEFl+i 
LTESTaLEVEL(jP,EFI 
lF«LTCST.LE.lll  GO  TO  R 

LCVCL(UKCF)3X 
JREFSJREF-I 
IF(OREF.ST.O)  GO  TO  9 
f,  HEF3NREF«1 
ASERsSER/NREF 

^•<1TC(6,910)  NREF.ISO.ASCR 

910  FORMATl^^  SYRR.  « OECOOEOa", I3««NO.  SEOS  ISOLATEOa" . 18. "AWS.  SER  9 
10  FARa^^,Eio.2) 
iSOrO 

_IF(NREF.6T.NHENUt  GO  TO  7_ 

JHEFVi 

HSEQdlal. 

GO  TO  R 

7 continue 
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w;s  PAOl  IS  QUAMTT  PRACTICABIiI 
13I0M  COPY  laiRHlSliiBD  


^9  »-eo  77  I.5.111t,79 

► '.•;cri0i.  5<X) 

■.X  = «3a  I X t 

i=(ix.r.T.5»  ^=c. 

If- (ix.r-T.si  'iO  rr,  i: 
r = l . 3/  ' 1 . J».??16'X19»AX) 
h = 0.5y'59<‘23»t''P<-X»X/2.0> 

HsP*r»(  ( ( (1.53./2Ti»»t-1.{>21256)»T»1,7»1*‘  8)»T- 
tu«i6‘jQ3u)*T*t<«  519XM5) 
n IF«X)  20.30.30 
30  Hsl.O-P 
30  J=P 

I 

L .''  3 
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JffOM QOf^I  XOIAQ  ^ 


APPENDIX  C 
TEST  PLAN 


1.0  SCOPE 

This  plan  describes  a test  program  for  the  Broadband  Digital 
M 'ijem.  The  tests  will  he  conducted  at  PADC  and  at  HARRIS  Electronic 
Systems  Division  (Harris  ESO)  'n  Melbourne,  Florida. 

2.0  OBJECTIVE 

The  overall  objective  is  to  characterize  the  critical 
performance  parameters  of  tne  modem.  Specific  tests  incl'ide: 

vi.  Spectral  Efficiency 

b.  BER  versus  E^/N^ 

D 0 

c.  Acquisition 

3.0  MODEM  DESCRIPTION 

The  Broadband  Modem  II  was  developed  to  improve  the  available 

bandwidth  efficiency  in  digital  Line-of-Sight  microwave  systems.  The 

.9 

primary  performance  objective  ’S  a 5 x 10  BER  at  an  Ej^/N^  of  22  dB 
at  a data  rate  of  26.82  Mb/s.  The  unit  provides  a bandwidt'i  efficiency  of 
c B/Hz  of  RF  bandwidth  and  interfaces  at  70  MHz  with  nard  ’imiting  r=*n'o 
systems.  The  modem  is  also  configured  to  operate  at  3 bandwidth  effici-anr, 
of  1 B/Hz  of  RF  bandwidth.  The  primary  performance  objectiv'*  for  thi>  mode 
of  operation  is  5 x 10'^  BER  at  an  Ej,/N^  of  16  dB  at  a data  rate  of 
13.41  Mb/s. 

3.1  Technique  Description 

The  modulation  technique  is  continuous  phase,  4-ar/  FSK  with  a 
modulation  index  of  1 '3  (’.e.,  the  four  tones  are  spacrd  at  l/3t‘’  roe 
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symbol  rate 
Figure  C-1. 
observation 
demodulator 


frequency  Intervals).  Th*’  tu»'  is  shown  conceptually 

The  demodulator  employs  tohreec*  jelection  and  mult isymbo 
techniques  lo  athi.-vo  the  r*  ,uired  performance.  The 
if  :-hown  in  Fi  <ire  C*?. 


in 


wi«  t 


4 


wnntttct 

TMANMNt 

CtOCK 


Figure  C-1.  flndulator  Conceptual  Block  diagram 

3 • ? Hardware  r>escr  ipt  kgr- 

The  modulator  and  demodulator  are  individually  packaged  In 
19-tnch  chassif  with  integral  power  supplies.  On  the  transmit  side,  the 
inodu1ct<ir  provide^  a transmit  clock  and  accepts  either  a single  bit  rate 
data  stream  and  assiciaied  timing  or  2-1/2  bit  rate  data  streama  lo  be 
MUXcd  together  and  associated  timing.  The  irertsetit  c ock  automv'l.'cal ly 
adjusts  rate  for  the  chosen  mode  of  operation.  .'4V1  dl.gVlal  interfaces  are 
75-pHm,  unbalanced,  bipolar  interfaces:.  The  modulal*td,  70  MHz  carrier  is 
outputted  at  dftit  Tzvel  to  the  radio.  Tne  ucmoilulatnr  accepts  a ddn, 
70  MHs  signal  from  the  radio  and  outputs  data  and  synchronous  timing.  The 
-iioOulator's  20-stage  randomizer  can  be  configured  to  eperate  as  a 
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F’oure  C-2.  Oemoriulator  Conceptual  Block  Dla^rom 

psHidoran'^ofti  sequence  generator  whic'n  Is  ck»coclecl  1n  the  denodu Idtor  to 
provide  a bU  error  output,,  This  may  be  monUorod  by  an  external  frequency 
counter  to  determine  BER  w<thO''t  the  use  of  external  data  qenerators  and 
rrror  detectors.  The  use  of  the  random Ixer/dermdomlzer  degrades  BCR  by  a 
factor  of  three.  This  is  reflected  In  the  bit  error  output  on  the 
d»*mod«lator.  For  convenience,  BER  testn  may  also  be  perforined  with  the 


M8 


randomizer  and  derandoinizer  by-;> is^ed.  Thi‘>  may  be  accomplished  by  a 
simple  internal  wiring  change  in  both  boxes.  An  external  data  source  and 
error  counter  are  then  required. 

4.0  TEST  PROGRAM 

The  test  program  includes  tests  at  Harris  ESO  in  Nelbourne, 
Florida,  and  at  RAOC.  The  in-plant  tests  are  designed  to  provide  a 
performance  baseline  from  which  to  interpret  results  from  the  later  radio 
and  link  tests  and  to  verify  the  characteristics  of  various  internal 
parameters.  Most  of  these  tests  are  performed  with  the  modem  looped  back 
at  70  MHz  with  additive  thermal  n<»ise.  In  order  to  meet  the  spectral 
efficiency  requirements  of  FH:  Docket  19311  an  RF  waveguide  filter  at  8.075 
GHz  is  to  be  employed.  Although  final  performance  verification  of  this 
technique  must  await  installation  of  the  filter  in  the  LC8D  radio,  initial 
tests  at  Harris  employing  an  upconversion  from  70  MHz  to  8.075  GHz  and  back 
down  to  70  MHz  with  thermal  noise  added  to  the  IF  input  to  the  demodulator 
will  be  performed.  The  RAOC  tests  inclide  both  b.a«;k-t''-back  tests  with  the 
radio  simulator  and  link  tests  utilizing  the  Stockbrioge  radio. 

4.1  In-Plant  Tests 

The  test  configuration  for  in-plant  tests  is  shown  in  Figure 

C-3.  A diagram  of  the  up/downconve* ter  for  waveguide  filter  tests  <s  shown 
In  Fi'iure  C-4. 

4.1.1  Spectral  Efficiency 

The  objective  of  this  test  Is  to  demonstrate  that  the  output  of 

the  modulator  upconverted  to  8.075  GHz  and  filtered  wUh  the  '•.upplied 
waveguide  filter  meets  FCC  Docket  19311  requirements.  A computer  generated 
spectral  mask,  plotting  energy  in  4 kHz  bandwidth  versus  offset  frequency 
from  center,  1s  available.  The  actual  transmit  spectrum  is  plotted  using  a 
spectrum  analyzer  set  for  a 3 kHz  IF  bandwidth.  The  absolute  level  is 
calibrated  by  observing  the  difference  In  spectral  height  at  center 
frequency  between  an  unmodulated  tune  and  a randomly  modulated  signal.  If 
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the  plotted  transmitter  spectrum  falls  on  or  below  the  mask,  the  FCC  19311 
requirements  will  have  been  met.  The  test  is  performed  for  both  1 B/Hz  and 
2 B/Hz  operation. 

4.1.2  E. /N  Cali  jrtsi. 

The  cnlibrai^^;'  of  E^j/N^  is  accomplished  directly  at  the 
demodulator  input.  The  ‘'^iyna1  attenuator  is  set  at  120  d6  and  the  noise 
power  is  measured  using  filter  with  a known  noise  bandwidth.  The  noise 
bandwidth  is  established  by  qnphical  integration  techniques.  The  noise 
attenuator  is  then  set  at  120  dB  and  the  signal  power  is  adjusted  to  give 
the  same  meter  reading  as  the  noise  power  did  previously.  The  noise 
attenuator  is  >hen  restored  to  its  original  position,  establishing  a 0 dB 
SNR  in  the  filtt.  bandwidth.  E^/N^  is  then  determined  by  adding  a 
correction  factor  that  is  equal  to  10  log  NBU  where  Nfte  is  the  measured 

W 

noise  bandwidth  of  the  calibrated  filter  and  SR  is  the  bit  rate.  The 
desired  is  obtained  by  adjusting  the  ?tlenuatcvr  setting. 

4.1.3  Bit  Error  Rate  Versus 

The  objective  of  this  test  is  to  characterize  the  B£R 

-2  -9 

performance  of  the  modem  over  the  range  fruim  10  to  10  as  a function 
of  E^/N^.  The  lest  setup  is  calibrated  as  in  Paragraph  4.i.2.  The 

attenuator  is  adjusted  to  provide  «n  of  10  dB.  The  erro*" 

detoctor  is  adjusted  to  prov»<le  an  error  sample  of  at  least  100  events. 

The  indicated  error  rate  is  recorded  on  seven  cycle  semi  log  paper.  The 

atteDiuotor  is  adjusted  to  provide  an  of  11  dB  and  the  indicated 

error  rate  is  recorded.  This  process  is  repeated  until  an  Ej,/N^  of  22 
dB  is  reached.  The  test  is  performed  wUb  the  modulator  and  demodulator 
back«to-back  and  also  with  the  up/dow»iconverter  ind  Ri-  filter.  Results  are 
obtained  for  both  2 tt/Mz  and  1 8/Hz  operation. 

4.1.4  AcqMisition 

The  objective  of  this  test  is  to  determine  the  tihe  interval 
required  for  the  demodulator  to  acquire  synchronization  following  the 


m 


application  of  IF  signal.  The  design  of>  -^-tive  is  20  ms  at  an  E./N 

y DO 

I f»rrespond»n«i  to  a 1 < 10“  BER  with  .i  fiequency  offset  of  20  kHz.  A 
iti.igr.w  of  the  lest  setup  is  shown  in  !'  C-5.  The  70  MHz  IF  is  offset 

hy  replacing  tN-  modulator's  internal  97.658125  MHz  LO  vHth  a frequency 
synthesiz  r or  stabilized  oscillator.  Varying  the  frequency  of  this  source 
will  directly  vary  the  center  frequency  of  the  modulator  output.  The  IF 
signal  plus  vtotse  is  gated  on  with  a digitally  controlled  switch.  The 
sunt'H  (fwiti'ol  signal  also  triggers  an  • < ’ loscope  which  monitors  the 

orror  tMitput  i-i  » he  <|nmoduIator . The  time  of  transition  from  a 50  percent 
error  rate  lo  one  of  1 • l<i’^  cdn  be  obset  ved  on  the  scope  and  the  time 
interval  noted.  The  test  is  »un  with  both  the  2 B/Hz  operation  and  1 B/Hz 
operation. 
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Figure  C-5,  Acnuisilior/  Test  Set  Configuration 
4.2  RADC  Tests 

The  test  conf iguration  for  the  RADC  tests  Is  shown  in  Figure  C-6. 
the  overall  objective  of  these  tests  is  to  characterize  the  modem 
perfryiniince  when  Interfaced  with  the  LC80  radio.  The  link  analyzer  is  used 
to  doctvoeni  the  amplitude  and  delay  characteristics  of  the  test 
conf igural ion. 
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8 GHz 


4,;m 


Spectral  Ocf  ipaiy 

The  object «»e  of  thi*  t\  to  (tetemlne  the  decree  to  ehKft 

l»H'  tranveilted  spectrui  conf'»»%  |o  the  re^wtrenewti  of  fCC  Th«» 

iwHtulator  output  to  th>  <apcon«crtcr  aM  me  8. OH  €M/  >pectr^ 

t with  Itv  wave^tdr  *«lt*'-  »%  p!«»?te»1  u»th  the  ^pectriei 

and  X-Y  plotter.  ReMlit^  hay  be  «:oi^»ared  «#»lh  the  fQ  Hit  MNKtrtf*  to 
vIeU’tTMm-  ttie  effects  of  the  ^♦Iter. 

J.;  iL^/ll  f:o’»br.»t  (e. 

JL.J2 ■■  r - 

The  caHhratt  e*  o»  accaopttMwO  tftrectly  at  the 

(JeeCKhilator  input.  A f taed  9001  aaa»l«f)er  is  required  pomoard  to  the 
radio  to  provide  the  poncr  level  necessary  for  the  Kl^  tJlC  oeter.  h»tto  the 
Mavepijide  shutter  closed  and  the  siewUlor  conf  ifered  for  loop  hack  at 
8 Wty,  the  donnconverler  (0/C)  noise  is  read  through  the  calivated  fitter 
with  the  receive  cttcnuator  set  at  80  4i.  The  attcntettor  is  the**  decriMite'; 
c’  ! i / the  •et4fr  readifitj  increa^r's  by  3 di  nhicf'  thdicaie^*  the  SW  »e  the 
calibrated  filter  is  0 d?.  Av  idSCrIOgd  in  ^ari^aph  4.1.2,  " 

0 « K d8  oi  this  petht,  Khere  K is  the  coreertton  factar  fne  me  noise 

filter.  Y(«>  desii'ed  it  obtained  by  adjusting  the  attemnator 

setting. 

4.?. 3 8u  error  Rate  fersos  C^/>^ 

The  objective  of  this  test  is  to  characiertae  the  a*^  tne 
recovered  clock  Jitter  yerfomaoce  of  the  *odo»  as  a function  of 
C,./ll  . Tests  are  rum  with  the  sMulator  Vc^j^ed  at  8 CM/  and  wer  the 
link  i<>  Stockbriidge  and  back.  The  test  setup  »s  calibrated  as  described 
Pe'agr/ph  4.?.?.  The  receive  atteneator  is  wsesJ  to  adjust  »« 

1 dS  steps.  The  SCII  is  rccoricd  at  each  step  to  ptodwte  a coapiete  T ck'«^ 

graph  of  perfomance  as  a fvnclicn  of  The  cddpottnf  oi^er  »s 

used  to  neasure  recovered  clock  J‘tter  as  appropriate.  Tests  are  run  wtm 
aod  Without  toe  FCC  18311  waveguide  f^Uc*'  and  for  both  ? 8/lit  and  I I'M/ 
operation 
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